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INTRODUCTION 


Quantum mechanics iS known to raise profound problems in the spectral 
theory of self-adjoint operators in Hilbert Space. In particular, interesting 
mathematical problems associated with the perturbation theory of conti- 
nuous spectra arise in the quantum theory of scattering. 

Let us have a closer look at this situation. The energy operator of N 
particles is represented by a differential operator in the space of functions 
of the coordinates of all particles 


N N 
1 
4, =— San $ U,;(*;— X4), (0.1) 


$=] $, j=1 
‘>J 


where x, is the radius vector of the ?-th particle, V? the Laplace operator 
for this particle, and m,; its mass. The functions u,,(x,—x,) represent the 
interaction between the i-th and the j-th particles, In scattering theory 
these functions fall off to zero as the inter-particle distance increases. 

The differential operator Hy gives rise to a self-adjoint operator in the 
Hilbert space of square-integrable functions of the variables x,, ..., xy. The 
first term of (0.1) corresponds to an operator with a purely continuous spec- 
trum. It is reasonable to investigate how far is this continuous spectrum 
modified by the second term. 

Specifically, it is an interesting mathematical problem to determine a 
complete set of eigenfunctions of Hy, and prove that an arbitrary function 
can be expanded in them. Scattering theory not only poses the problem, but 
also suggests its solution: the so-called stationary solutions of the scatter- 
ing problem are a natural choice for the set of such eigenfunctions. 

In the stationary formulation of the scattering problem it is required to 
find the solutions of the time-independent Schréddinger equation 


Hy P(x), ..-, Xy)= E(x, ..., Xy), (0.2) 


which satisfy certain asymptotic conditions at infinity in configuration space. 
It should be emphasized that these conditions have been rigorously formula- 
ted only for a two-body system. In this case it is required to find for the 
Schrédinger equation 


hy (x, k= — pV (x, k) +(x) (x, P= = Ox, 2, 
solutions of the form 
(x, k)=exp i(k, x)} + w(x, b, 


where k is a vector which in some way specifies the relative momentum of 
the particles, and w(x, k) is the scattered wave, which Satisfies the radia- 
tion condition for |x] o 


w(x, b=O(); (S47 —H Al) wl, Y= 0(74), 


or, more accurately, behaves asymptotically for |x!+o as 


w(x, ky=f(n, gy PEED al 2): n=. 
This problem was studied in detail by A. Ya. Povzner /1,2/, who proved 
the existence of solutions 9$(x, k) under certain conditions imposed on the 
potential u(x), and showed that these functions constitute together with the 
eigenfunctions of the discrete spectrum of the operator h a complete sys- 
tem, which allows the expansion of any function in a generalized Fourier 
integral. Important refinements of Povzner's results were givenby Kato /3/ 
and Ikebe /4/. 

The stationary scattering problem has not been completely formulated 
for systems of three or more bodies. This is due to the basic difference 
between such systems and the two-body system. In the latter both particles 
move freely before and after collision, which can only alter their courses. 
Conservation of energy precludes the formation of a bound state. This 
restriction disappears in the case of three bodies, since the energy released 
upon formation of a bound pair may be imparted to the third body. This ob- 
viously refers also to systems of four, five and more bodies, out of which 
two or more may become associated in a bound state. 

The stationary scattering theory stipulates the existence of a solution of 
the Schrédinger equation for each of the above possibilities. Therefore, 
where in the two-body case we have ''as many" solutions as there are plane 
waves, i.e., eigenfunctions of the unperturbed energy operator, in the case 
of three or more bodies there should be, generally speaking, ''more" solu- 
tions then plane waves, or eigenfunctions of any operator obtained from the 
energy operator by deleting some of the interaction terms. In other words, 
in the two-body case the perturbation does not change the continuous charac - 
ter of the energy Spectrum, while in the case of three or more bodies it adds 
new branches to the continuous spectrum of the unperturbed operator. It 
is obviously a very tedious and difficult problem to write down all the pos- 
sible asymptotic forms of solutions of equation (0.2) for N>2. 

This problem is fortunately not really crucial, since the described pro- 
cedure for assembling a complete set of eigenfunctions of the continuous 
Spectrum is not unique. The set of solutions 4(x, k) in the case N=2, for 
example, may be obtained as follows. Consider the resolvent of the opera- 


tor h, 
r(z)=(h— ze)", 


where e is the unit operator, and z a complex number with Imz40. A.Ya. 
Povzner [loc. cit.] has shown that r(z) is an integral operator with a kernel 
r(x, ys; z) which is continuous in x and y for xy, and absolutely integrable 
with respect to y for Imz0. Italsofollows from Povzner's results that 


b(x, k)=lim —iefr(x, yy go i) exp (i(k, ¥)) dy. 
t>+0 


Thus, we may obtain the eigenfunctions by a Suitable limiting transition 
from the complex plane to the real axis in the kernel of the resolvent of the 
energy operator. This procedure is closely connected with the time-de- 
penden: formulation of the scattering problem, in which it is required to find 


for the Schrédinger equation 
. O 
I or (x,, eo ey <y, t)= Hy? (x,, oe ey Xy, t), 


solutions satisfying a certain asymptotic condition for t+>—o. 

We shall not go here into the details of the time-dependent Scattering 
problem, but only remark that it is in principle not difficult to formulate it 
for systems consisting of any number of particles. This furnishes a natural 
procedure for the derivation of a complete set of eigenfunctions of the con- 
tinuous spectrum for the given energy operator. In order to carry Out and 
justify this procedure we clearly must first make a detailed Study of the 
behavior of the kernel of the energy operator's resolvent in the neighbor- 
hood of the real axis. 

This tract is devoted to the investigation of the energy operator fora 
system of three pairwise-interacting particles, i.e., the simplest system 
in which the perturbation cauSed by the interaction alters the character of 
the cuntinuous Spectrum, The main part of the book deals with the investi- 
gation of the behavior of the resolvent of the energy operator. The obtained 
results are uSed to prove the theorem on expansion in eigenfunctions of this 
operator, to establish the time-dependent formulation of the scattering 
problem for our three-body system, and to construct the corresponding uni- 
tary Scattering operator. We Start with an investigation of the energy 
operator for a two-body system, even though it is quite well known, because 
this Simpler case Serves aS an illustration of almost all our methods, and 
becauSe we Shall require for the study of the three-body energy operator 
certain properties of the two-body operator which have not yet been investi- 
gated. 

Unlike the authors cited above, we shall investigate the energy operators 
in the momentum representation; the unperturbed operators then become 
operators of multiplication by a function, and the perturbation is represented 
by integral operators. The momentum representation treatment of the 
two-body case leads to somewhat greater analytical difficulties than the con- 
figuration representation. These difficulties are concerned with the appear- 
ance of Singular integrals, the operations with which demand some practice. 
The author believes, however, that the momentum representation consider- 
ably Simplifies the study of the energy operator for a three-body system, 
as the following argument shows. The Singularities of the resolvent which 
appear in the configuration representation when approaching the real axis 
are due to the too-slow decrease of the kernel at infinity. In the three-body 
case the kernel of the resolvent may be expected to display a very compli- 
cated asymptotic behavior; in particular, it may oScillate in certain direc- 
tions in configuration space and fall off in others. In contrast, the Singula- 
rities of the resolvent in momentum repreSentation are poles, and hence 
eaSily manageable. 

The book consists of eleven sections and four appendices. In §1 the 
operators in question are rigorously defined in Hilbert Space, i.e., their 
domain of definition iS Specified and their self-adjointness proved. Here are 
also formulated the basic conditions imposed on the potentials which in the 
rest of the book are tacitly assumed to be fulfilled. §§2 and 4, and §§3, 5, 
6,7, respectively, deal with the resolvents of energy operators for two and 
three bodies; the resolvents are expressed in terms of integral operators, 
and integral equations are set up and investigated in order to derive 


estimates for the kernels and examine their Singularities in the variable z 
near the real axis. The obtained results are applied in §§ 8 and 9 tothe 
proof of eigenfunction expansion theorems, and in §§10 and 11 to the time- 
dependent formulation of the Scattering problem and the construction of the 
Scattering operator. Appendix I gives the derivation of Some properties 
of functions which satisfy the Hélder condition, and of Singular integrals 
containing these functions. Appendices II and III give proofs of estimates 
of some integrals applied in the text. Appendix IV contains remarks and 
references to the literature which are not mentioned in the main text. 
Throughout, the term ''variable' and the letters x, k, p, g with or without 
indices denote vectors in three-dimensional Space. In order to distinguish 
these from other variables, they are occaSionally called three-dimensional 
variables. The symbol (k, p) deSignates the Scalar product of the vectors k 


and p;k?=(k, k), |k|=(k)"; dk and d2, denote the volume element, and the 


surface element of the unit sphere, specified by the vectorsk and aE The 


symbol | is not an indefinite integral but indicates integration over the en- 
tire domain of the integration variables, The letter x denotes vectors in 
configuration Space, and k, p, g in momentum Space, 

The transition from configuration to momentum representation is effected 
by means of the Fourier transformation 


f (ke) = | f(x) exp (i(k, x)} dx. 


When an estimate iS uniform in all the arguments of the functions involved, 
the constants which appear in it are denoted by C. 

The author wishes to thank F. A. Berezin, M.Sh. Birman, V.S. Buslaev 
and O. A. Ladyzhenskaya for valuable discussions of various problems in the 
course of this work. 


§ 1. The operators h and H 


In this section the energy operators in momentum representation for two- 
and three-body SsystemS are introduced, formal expressions derived for 
them, their domains of definition given in the corresponding Hilbert space, 
and their self-adjointness proved. 

We Start with the energy operators in configuration representation, de- 
fined as differential operators acting on functions of the appropriate num- 
ber of variables 

1 1 A 
HY (x, x,)=|— 2m, = Imo Vat Oy (x,—x,)\¥ (X,, XQ): 
1 1 1 A 
Hy} (x,, 2, x,)=|— 2m, ees 2mo _ ms V3 +H Gy3 (X_— Xg) 


+ G5, (x3 — X1)- 19 (% — x,) } (%, X2, Xs). 


Here m,, m, ms are the particle masses, Vj 1S the Laplace operator for the 
variable x,, and the functions 23(x), %3,(x), 0..(x)represent the two-body inter - 
actions, 

The passage to momentum representation iS accomplished by applying a 
Fourier transformation. The differentiation operators are thereby trans- 
formed into operators of multiplication by the corresponding variable, and 


the operators of multiplication by a function — into integral operators, so 
that H, and H, assume the form 


] 1 
HLf(A,, k,) a { 2m, ki - 2my ka} f(k,, k,) + V,S(,, k,); 


1 1 1 
BAS (ky, by, ky) = |g + ae B+ ee Kah f (ke, Key kes) 
+-(Vo5 + Va, + Vie) f (ki, Key Ks); 


where V,;, V3:, Viz are integral operators acting each only on the variabies 
k, and k,, kz and k,, and k, andk,, respectively; thus 


k—k, —k +k, \.. Pi AE Ee Boas 
Vif (k,, k)= [vy Ss) 8(k, = k, — k, — ke) F(R, k,)dkdk,. 


The operators H, and H, written in this way contain an inessential term 
describing the kinetic energy of the center of mass. It iS convenient to 
remove this term, i.e., to investigate the energy operator in the center- 
of-mass system, 

This is done in the two-body caSe by passing from the variables k,, k, to 
the new variables 

K=k+k; k= Rho me, 
m, -+ m2 
The operator H, becomes 
Hf (K, W= ay K°4(K, H+ BS IK, 4), 


where h operates only on the variable k: 


hf(k) = a Rf() + o(k —k) f(K) dé = (by +) f(b). (1.1) 
Here 
M=m,+m; m= Saree 


and v(k) is the Fourier transform of 6,,.(x). 

In the three-body case this transformation may first be applied to the 
coordinates of any two of them, and then to their center of mass and the 
third particle. This leads to the three coordinate systems 

K=k,+k,+k;,; 


k __. m3ko = moks - __ my (ko + ky) << (my + m3) ky 2 
23 Tn Pir ee eee ee 


mog+my3 my) + mg+ m3 , 

ke, — mika — maki . M2 (ks + k)) — (m3 + m)) ke , 
31 mg-+ my) % 7 m) + my+m3 
ke, — mek — mike . __ M3 (k, + ko) — (m; + mp) kg 
a m,-+m, ° 2 m, + my+ m3 : 


Each of the pairs of variables kgs, p,; ks), Po; iz Ps May be expressed by 
means of any other pair, so that K, & and p may be chosen as the independ - 
ent variables. Henceforward we Shall Simply write k and p, whenever the 
choice ofa particular pair is immaterial. 

In these coordinates the operator H, splits intc two terms 


H,f(K, k, p)= ay K*4(K, k, p) + HSK, &, P), 
(M = m,-+ m,-+ m,), 


where H operates only on k and p and has the form 
H = H,-+-V.; + V3, + Vip. (1.2) 


Here H, is the aos of multiplication by the function 


1 1 1 1 
FM, (k, k2, +- —— p? = ~—_ 2 + ~— p? = ~—_ kk, + ~— pt 
( p)= i 3 « 8 2n, Pj 2m3, 31 2no Pe 2m2 ki 2ns Ps, 
where 
ii I py I  ), 
23 My + ms; ’ J m,;+m,+ my ’ 
Fone es ITN __ me(mg+m) , 
31 mg +m, - m),+m)+ m3 
_ mm, _ m3(mj+m)) . 
M2. = ’ K Smo ’ 
m;+ my m, + mg+ m3 


the operator V,, is an integral operator with the kernel 


OP aslk, ps Ky P!)= U9 (Ko5 — k53) 8 (P, — Pi), 


ViS(k, p)= | er (kos — kos) F(kos> Pi )dke2s; 


the operators V,, and V,, are similarly defined in the coordinates ky, ps, and 
ky, Ps, respectively. 
The function A,(k, p) will frequently be written in the form 


Vi. ge 
Ho (ky i) = Gag RP 


without any indices. 

It is sometimes convenient to use aS independent variables instead of k, 
p any two of the variables py, py, p3,e€. g., Po, p, inStead of k., p,. The rela- 
tions between the k-type and the p-type variables are 


ms m3 


= —p, — —__——_ = + ———_——__ Dx: 
ko P2— ny my P1— Pa ming PY 
— m3 —=p -4 mi . 
ks, = —Ps m, +m, P2— Pr m, + mg P2 
= my —— m2 . 
ky» =—p mame Pe ee mye 


Tu pass from any pair Of p,, p,, ps3 to any other pair we make usSe of the 


relation 
Pi + p2+ p3= 0. 


It is not difficult to express the kernels of the operators V.3, Vs, Vip in 
terms of these variables. Thus, for example, if p,=p,, then k,,—k,= 
= —p,-+ Pp, =p, — py, SO that 


ag(k, ps k', p') = Vy3(—P,—-* P2) 8 (Py — P,) = Vo (P3 — Ps) 8 (P1 — P))- 


The function Ak, p) is conveniently expressed in terms of p,, po, ps aS 


2 2 
Hy (k, p= pe Pe) og Pe 


2m3) m3 2mo3 
2 2 2 2 
Po 2, P3 P3 2, P 
ex aB stg: (PRPs) os PN PS ne APP) Pd a. 
2m 2 m, 2m3) 2m93 my 2mjo 


We asSign to the formal expressions (1.1) and (1.2) self-adjoint operators 
h and H acting in the Hilbert space of Square-integrable functions of the 
suitable number of variables. 

We denote by § the Hilbert Space of the functions /(k) with the usual 
scalar product 


(4, f)=| SF &dk. 


The Hilbert space of the functions of two variables f(k, p) with the scalar 
product 


(4, P=] LK, pF & p) dkdp 


will be denoted by 5%. 

We do not introduce different notations for the components, the scalar 
product and the norm in § and 9, Since it will always be evident which 
Space is meant. 

The functions v(k), v23(k), 3, (kK), vin (k) will be assumed to satisfy the follow- 
ing conditions (here exemplified in the case of v(k)): boundedness and 
sufficiently fast falling off 


JUS CU+|RN™ — (> 0), (Ay) 
Smoothness 
lu(k)—v(k-+h)|<CU+]kI APS (AL<1, p> 0) (B,.) 
and real-valuedness 
v (—k) = 0 (b). (R) 


The set of functions f(k), dense in b, which satisfy the condition 


[+p | fe) Pdk < &, 


is denoted by »b. The set of functions f(k, p), dense in 9, which satisfy the 
condition 

[1+ py | F(k, p)Pdkdp <0. 
is denoted by 9. 

Theorem 1.1. Let the function v(k) satisfy conditions A, and R, with 
>>: Then the expression (1.1), defined on »b, defines a self-adjoint 
operator h in b. 

Let the functions v23(k), vs (k), Yi2(k) satisfy conditions A, and R, with 
>>. Then the expression (1.2), defined on 9, together with its subse- 
quent relations, defines a self-adjoint operator H in S. 

We remark that this theorem is a particular case of a well-known theo- 
rem of Kato /3/ on the self-adjointness of the many-body Schrédinger opera- 
tor. Kato's conditions are formulated in the configuration representation. 


These conditions are known to be fulfilled if all the potentials &,,;(x) are 
Square-integrable in the entire three-dimenSional space. If the exponent 6, 


in condition A, islarger than a then the functions v(k), and consequently also 


their Fourier transforms, are Square-integrable over the entire Space and 
therefore satisfy Kato's criterion, Nonetheless, we shall go ahead and 
prove Theorem 1.1 for the sake of completeness of presentation. The 
proof is based on the following general proposition 


Lemma 1,1. Leta self-adjoint operator A, with the domain of definition 
Q(A), be given in the Hilbert space $. Let asymmetric operator B, de- 
fined on D(A), satisfy the condition 


|BS|< SAS] + CIF], 
where 8’<1. Then the operator 
A—A-+B 
with the domain of definition 9(A)=9(A) is self-adjoint. 


This lemma plays a central part in the proof of Kato's theorem And is 
proved in /3/. 

Let us apply this lemma to the proof of Theorem 1.1, taking the opera- 
tors hp or H, as A, and vw or V=V,;+ V;,+-V,. as B, so that A corresponds 
to h or H, respectively. The domains >} and 9 were choSen above as the 
natural domains of definition of the self-adjoint operators of multiplication 
by a function h, and Hh. 

Lemma 1,2, Let the conditions A, and R, with 0, >>) be fulfilled. Then 


the operator wv is defined and symmetric on »b, and 


IvfI< 8b fl C() [FI (1.3) 


where 8’ may be made as small as desired. 
Let us first prove that there existS a 8, Such that the operator wv iS Sub- 
ordinate to the operator (e+h)'. Let f€bd, then 


wf(kyP=|f ok— ky sk) dk |< 


1 1+ Kk) : 
<¢(\ aa eee L/(e)\ de) = 


< CIRM | ke — KY dkl(e + hy) FP. 


If Soe then 2(1+-9,)>3, and we deduce that if 8 is Such that 2(2—34)>3, 
i.e., 84, then 


Ivfl<Cl(e+ hy) fi. (1.4) 


Inequality (1.3) follows from (1.4) in view of the elementary inequality 
(Lexy? < 8x +-(F)" (x > 0; 0<8 <I). 
In order to prove the Symmetry of vw it is Sufficient, on account of con- 
dition R, to show that the integral 
I= | f(k)u(k—k)f (&) dkdk’ 


converges absolutely for any f and f in >. We note that the functions f(k) 
in db are absolutely integrable. In fact 


(fis ldky <f+ ky fey Pdk | aims <0. 


This immediately implies the absolute convergence of /. The lemma is 
thereby proved. 
We note that the operator H, maybe expressed as a Sum of two nonnega- 
tive termS, e.g., 
H, = he) + h®, 
where 
1 1 
hi) £(k, P)= Imo kif (k, P); hf (k, P)= a Pit tk, P), 
Repeating the proof of Lemma 1.2, one may show that 
[Vf] <3] bof] + CQ) sI<3|H,f|+ COM 


for any f€9D and that V., is symmetric in 9. The operators V;, and V,. are 
treated in the Same way. Theorem 1.1 follows from Lemmas 1,1, 1.2 and 
the preceding arguments. 


§ 2. Construction of the resolvent of the 
operator h for Imz¥0 


In this section we begin the investigation of the resolvent of the operator 
h, i.e., of the operator 


r(z)=(h— ze)’, (2.1) 


where e is the unit operator in §, and z a complex number. The resolvent 
r(z) is defined and bounded for any z with Imz0, on account of the self- 
adjointness of h. Its range is the Same for all such z and coincides with b. 

The operator r(z) is mainly studied by means of the equation relating it 
to the operators wv and the resolvent ro(z) of hg, 


r, (z) = (hy — ze). (2.2) 
This well-known equation has the form 
r (z) = 99 (z) — ro(z) vr (z) (2.3) 


and determines r(z) uniquely. This is more precisely expressed as follows: 

Lemma 2.1. Let the bounded operator %, whose range 1s contained in b, 
satisfy equation (2.3) for some z, Imz~0. Then *=r(z). 

To prove this, consider the operator r,=r(z)—¥Ff. It satisfies the equa- 
tion 

r, = —r,(z) vr, (2,4) 

for the above-defined z. Forany f€6 there exists a g=r,f with g@d. 
Equation (2.4) yields the following equation for g 


g=—r, (z) vg. (2.5) 
Multiplying (2.5) by h,—ze, 
hg — zg=—vg (2.6) 
or 
hg = zg. (2.7) 


The self-adjointness of h implies that g=0 and hence r,=—0, i.e. , r=r(z). 
This proves the lemma. 
It is convenient to consider the operator 


t(z)=v—vr(Z)v. (2.8) 


This operator is defined on b for all z with Imz0, and satisfies the equa- 
tion 
t(z) = v — vr, (z) t(z). (2.9) 


The operator r(z) is expressed through t(z) as 
r(z)=r,(Z) —r,(z) t(z)r,(z). (2.10) 
Indeed, multiplying (2.3) on the left and on the right by v, we obtain 
t(z) — v= —vr, (z) v-+ vr, (z) wr (z) v = 
= —vr,(z) v-+ vr, (z)[—t(z) + v] = —vr, (z) t (z). 


It is Similarly verified that the operator r(z), constructed from t(z) accord- 
ing to (2.10), satisfies equation (2.3), and that its range is contained within 
0. By Lemma 2.1, this operator coincides with the resolvent r(z). 


It follows from Lemma 2.1 and the preceding arguments that 

Lemma 2.2. Let the operator t, defined on db, satisfy equation (2.9) for 
some z. Then t=t(z). 

It is more convenient to Study the operator t(z) than the resolvent r(z), 
since this operator may be expected in view of (2.8) to be, like v, an inte- 
gral operator with a smooth and bounded kernel. To prove the last state- 
ment rigorously, consider the integral equation 


t(k, k’, 2) = v(k—k)—[o(k—Ky (EZ — 2) t(k", k’, z)dk" (2.11) 


for the kernel t(k, k&, z). This equation is studied in detail in § 4 under the 
assumption that conditions Ay, B.. and R are fulfilled. In particular, it is 
proved there that: 

Equation (2.11) has for any z with Imz0 a solution t(k, k', z), conti- 
nuous ink, k and z, and estimated by 


[t(k, kK’, z)|<C(1+|k—El)--* <8, (2.12) 


uniformly in z with |Imz|>8, 8>0, and any k and kK. 
We construct from the kernel t(k, k, z) the operator t(z): 


U2) f(ky=[tlk, &, 2) F(R) dk. 


Here @ in condition (2.12) may be taken to be less than > Repeating the 
steps of the proof (§1) that the operator wv is defined on b, we may prove 
the same for t(z). It follows from (2.11) that €(z) satisfies (2.9); hence, by 
Lemma 2.2 it coincides with t(z). 
We can now infer 
Theorem 2,1, Let Imz4#0. The resolvent r(z) is represented in the form 
(2.10), where t(z) ts an integral operator, and its kernel t(k, k', z) ts con- 
tinuous in all tts variables and satisfies the estimate (2.12). 
The characteristic properties of the resolvent of a self-adjoint operator 
are known to be 
r*(z)=r(z) (2.13) 
and 
r (z,) — r(z2) = (z — 22) rz, )r (22). (2,14) 


The last relation is frequently called Hilbert's identity. 
Let us see what properties of the kernel t(k, k’, z) are implied by rela- 
tions (2.13) and (2.14). 
Lemma 2,3. The following relation is valid 
t(k, k', z)=t(k, k, 2). (2.15) 
Proof. Let f and f’ be some functions in db. Since vw is Symmetric on b, 
we have by (2.8) and (2.13) 
(t(z)f, AV=TA, t(2)/), 
that is, 


{fee ki, z)f (ky dk’ F (ey dk =] { fete, k, 2) f' (ky dk | f(k’) dk. (2.16) 
Since these integrals converge absolutely, we may change the order of inte- 


gration on the right-hand side. (2.15) follows from (2.16) since f(k) and /'(k) 
are arbitrary. This proves the lemma. 


10 


Lemma 2,4, The following relation is valid 
t(k, k’, z,)—t(k, k’, Z_) = 


aly — if a 1 
=(z, 2) | ea, Ke Z}) Gd pe 


2m 7} 2m ~ 72 


t(k", k!, 2,)dk'. (2.17) 


Proof. We first prove that the following relations hold 
t(z)ro(z)=vr(z); ro (z)t(z) = r(z)v. (2.18) 
Multiplying (2.10) on the left by v, we obtain 
wr (z) = wry (z) — v¥o(z) t (z) ro (z) = [v — vr (z) t (z)] ro (z) = t (z) ro (z). 
The second relation in (2.18) follows on multiplying (2.8) on the left by ro(z). 
We now multiply (2.14) on the left and right by v, obtaining 
t (z,) — t (z_) = —(2, — 22) v¥ (2,) F (22) v= (zp — 21) t (21) Fo (21) Fo (Z2) t (Zs). 


This implies (2.17). The rigorous proof duplicates that of Lemma 2.3. 


§ 3. Construction of the resolvent of the operator H 
for complex z 


In this section we begin the investigation of the resolvent of the operator 
H. We introduce the notation 


R(z)=(H — zE)";  R, (z)=(4, — zE)—". (3.1) 


(Here E is the unit operator in ©.) These operators are defined for all z 
with Imz¥0 and map © onto®. The following equation holds 


R (z) = Ry (z) — Ry (z) VR (z), (3.2) 
where 
V=V.,,-+ V3, + Vio. (3.3) 


Lemma 2.1 may now be reformulated as follows: 

Lemma 3.1. Let the bounded operator R, with a range contained in 9, 
satisfy equation (3.2) for some z. Then R=R(z). 

We denote by T(z) the operator defined on 9 by the relation 


T (z)= V — VR(z) V. (3.4) 
The resolvent R(z) is expressed through T(z) as 
R (z) = Ry (z) — Ro(z) T(z) Ry (z). (3.5) 
The operator T(z) satisfies the equation 
T (z)= V — VR, (z) T(z). (3.6) 


Any operator T with a range lying in 9 which satisfies equation (3.6) for 
some z, coincides with T(z). All these propositions are proved exactly as 
their counterparts in§2. Equation (3.6), however, is not very useful for 
the investigation of the operator T(z). The reason for this is that the opera- 
tor V.,R)(z) which appears in this equation has the kernel 


’ s ke p2 = 
U23 (Keg — Ko3) 8 (Py = Pi) (gr 5 _ z) ; 
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containing a 8-function, which is not removed in iterations of (3.6). In fact, 
the kernel of V23Rp(z) VasRy(z) contains the Same 8-function as the kernel of 
VosRo(z). It is therefore impossible to reduce equation (3.6) to an equation 
with a completely continuous operator in any function space. 

We note, however, that these 8-functions diSappear in the product of the 
operators V,,R)(z) and V;,R)(z) upon iterating equation (3.6). Actually, one 
may take p, and p, as integration variables in the kernel of VosR, (z) V,,R,(z), 
and the 8-functions are removed by integration. The Same occurs in the 
products of any two operators of the type V.,Ro(z) with different indices. 
These arguments point the way to the construction of Suitable equations for 
the investigation of the resolvent. 

Consider the operators 


M,, (z)=5,,V. — V.R (z) V,. (3.7) 


We have introduced for brevity the indices «a, B which run through the 
values 23, 31, 12; 38, is the Kronecker Symbol. It is easily verified that our 


operator T(z) is expressed by the M,, (z) as 
T(z) = 2M, (2). (3.8) 


Equation (3.2) may be used to show that the operators M., (z) satisfy the equa- 
tions 
M,, (z)=2,,V.— V.Ro (2) 2 M,, (2). (3.9) 


The system of equations (3.9) is in no way better then equation (3.6). 
However, we may perform the following transformation. We split the sum 
on the right-hand side into two parts 


VLR, (z) M., (z) a7 V.R, (z) > M., (z) 
and transfer the first to the left-hand side of (3.9), obtaining 


[E+ V.R, (z)] M,, (z)=%,,V. — VR, (z) 2 M., (z). (3.10) 


Consider the operator T,(z), defined by the relation 


2 
Pa 
2ng 


T, (z) f(K, r=)e(k, ky 2 — ik p,) dk,. (3.11) 


Here ?#,(k, k’, z) is the solution of equation (2.11) with m, and u,(k) for m and 
u(k), The index a which refers to p and a runs through the values 1, 2, 3 
instead of 23, 31, 12, respectively. The estimate (2.12) shows that the 
operator T,(z) is defined on 9 (exactly as we did in §1 for V,). It readily 
follows from (2.11) that T,(z) satisfies the equation 


T, (z)= V. — V.Ro(z) T, (z)= V, — T, (z) Ro(z) V.. (3.12) 


We multiply (3.10) by E—T,(z)R,(z). By (3.12), M,,(z) must satisfy the sys- 
tem of equations 
M,, (2) =0,,T. (z) — T(z) Ro(z) & M,, (2), (3.13) 
1#a 


which is our basic tool in the investigation of the resolvent R(z). 
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Lemma 3.2. Let M,,(z) be nine operators, defined on ® and satisfying 
the system (3.13). Then the operator 


T()=EM,, (2) 


coincides with T(z). 

Proof. We apply the arguments which led to the system (3.13). Multiply- 
ing (3.13) by the bounded operator E-+-V,R,(z), and bearing (3.12) in mind, 
we deduce that the operators M,, (z) satisfy (3.9), and hence that T (z) satis- 
fies (3.6). The required result follows on account of the uniqueness of 
solution of this equation within the class of operators defined on 9. The 
lemma is thereby proved. 

The kernels of the free terms in (3.13) contain 8-functions. We there- 
fore consider instead of the operators 7 the operators 


W., (2) =M,, (2) —8,,T. (2), (3.14) 
which satisfy a system resembling (3.13), 
Wee (2) = Wes (2) — Ts (z)Ro(z) 3 Wr (2), (3.15) 
but with a different free term 
WE! (z)=0; WE (z)= —T. (z) Ro(z) Ts (z) = Q:3 (z). (3.16) 


We shall use the following notation for the iterations of (3.15) 
Q” - (z)=(—1)* T,, (z)R, (z) T,, (2) - -- T,,, (2) Ry (z) Ti, 4.,(2) (3.17) 
where the indices %, ..., Yas: take on values complying with the condition 
THF Ya i=1, 2, oes, n. (3.18) 


It is easily verified that the kernels of the free terms in (3.15) are 
smooth bounded functions. Thus, e.g. , 


2 
; P 
GY 3 (K, Ps’, p's Z)= toy (ia ~~ P2 a Py 2—fi.| ‘a 


- Int] 


mo + mgs 
2 , 12 —!] 
Pi (Py. Po) Pg 
a iS age One, = as 
2 
my ’ Py 
X ty Ce m+ m3 Pa ku 22) , (3.19) 


where the denominator does not vanish for Imz0. It may be Similarly 
verified that the kernel of any operator OY eicteae (z) is also a bounded smooth 


function. The kernels of the operators W., (2) can alSo be expected to pos- 
sess these properties; that they in fact do possess them is proved as fol- 
lows. Consider the system of integral equations 


UW glk, ps kK. ps 2= WYK, ws K, ps z)— 


i) pe 


om + on ~~? {Fe 


—fe, (ae 


This system will be studied in detail below, from §5 onwards. Let us intro- 
duce at this stage some notations in order to formulate the required result 
which is derived there. We denote by W,,(z) the operators obtained from 


lk's PUK, p's z)dk'dp”. (3.20) 
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W,,(z) upon subtraction of the first three iterations of the system (3.15) 


W.,(z) = Wy (z) — Q8 (z) — 09 (z) — Q9 (2), (321) 
where 


Q3 (2) = TO, (2) WH= XW, ,, (3.22) 


The prime on ) signifies that summation is carried out over the allowed 


values of 1, Y» Y2 Only, i.e., yAa, TAB, 1A2, 1A Te 12 AB. We denote by 
N(k, p; 9) the estimating function 


Nk, ps Y= (1+ |p| lp (3.23) 
ep 

where pi, Po, Ps are understood to be expressed through any pair of indepen- 
dent variables. 

In § 5 we prove the following statement: 

The system (3.20) possesses a solution which ts continuous in all va- 
viables, and such that the kernels W’,(k, ps &, p's 2) of the operators W., (z) 
satisfy the estimates 


[Daglk, ps Ks p's z)|< CM(k, ps (1+ p's) * (3,24) 


for any z belonging to a finite domain that does not border on the real axis, 
where 6 may be chosen as Close as desired to the 6 of the condition Abg,. 

We will now show that the integral operators W,,(z) with the kernels 
oy glk p; k’, p’'; z) are defined on 9. To this end we aralee use of the following 
proposition: 


Lemma 3.3. Let W be the integral operator 
Wk, pP)=[U(k, ps kK, PSK, pl) dk'dp’, 
whose kernel ¢y (k, p; K, p’) satisfies the estimate 
| 2” (ke, ps &’, p')|<CN(k, ps (1+ ps)’, 


where B may take on any of the values 1, 2, 3, and o> +. Then W 1s de- 
fined on 9 as an operator in 8. 


Proof. Let f(k, p) be a finite smooth function. Taking &, and p, as inte- 
gration variables, we obtain 


| WA(K, pyr < 


< CIN, Ps) | opt ea pe | (I+ e+ py | Ake, p) PP dkedp < 
< CME, ps 0) E+ He) SY? 
Since O>5 -, we get 
|WAi<ClE+ Hy) fI, 


which shows the operator W to be defined for any f€9. This proves the 
lemma. 

All the operators Q;”’ ..., ‘nar (2) are defined on 9. It follows from (3.24) and 
Lemma 3.3 that the operators W. a(Z), and hence W., (z) too, are also defined 
on ® as integral operators. 

Let us See what the preceding reSultS imply as to the resolvent R(z). It 
iS convenient to consider the operators 


H,=H+V,, 2=23, 31, 12, (3,25) 
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and their resolvents 


R, (z)=(H, — zE)"'. (3.26) 
It is easily verified that these resolvents are expressed through T,(z) as 
R, (z) = Ry (z) — Ry (z) T, (z) Ry (z), (3,27) 
so that 
—Rp (z) T, (z) Ry (z) = R, (z) — Ro (2). (3,28) 


The above analysis demonstrates 

Theorem 3.1. Let the functions v,(k) satisfy conditions Ao, By, R with 
i>: Then the resolvent R(z) of the operator H may be represented in the 
form 


R (z)=R, (z)+ 2 (R, (2) —- Ro (z)) — Ro(z) 2 Wa, (2) Ro (2), (3.29) 


where W,,(z) ave integral operators whose kernels satisfy estimates (3.24). 
Formula (3.29) follows from (3.5), (3.8), (3.14) and (3.28). 
We conclude this section with a derivation of the properties possessed 
by the kernels W”,,(k, p; kK, p’; z) in virtue of the 'self-adjointness" of the re- 
solvent: 


R (z) = R* (2) (3.30) 
and Hilbert's identity 
R (z;) — R (z,) = (z; — Z.) R (z,) R (22). (3.31) 
Lemma 3.4. The following relations are valid 
Wg (k, ps k, p's z)=W (kK, p's k, pi 2): (3.32) 


Proof. We note that the following relation holds, in view of (2.15), for 
any f and f’ in ® 


(T.2)f, =, TP), ee 
and on account of the symmetry of V, and property (3.30) 

(ML, (2)4, Y=, M,. (2) /). (3.34) 
Combining the last two relations, we obtain 

(Wo(2)4, =A, We (2) 7), (3.35) 


showing that the corresponding kernels satisfy (3.32). 
Lemma 3.5. The following relations are valid 


Meag(k, ps k', p's 21) —Mag lk, ps &, ply 22)= (2221) | > Ma(k, ps k", ps 2%) xX 
T 


s (So +B 2) (Fo 2 a) Dott k’, p"; k’, p's 22) dk'dp". (3.36) 
Proof. We apply the reiations 
V.R (2) = 20M, (2) Ro (2); R (2) V,=Ro(z) 2 M,, (z), (3.37) 
which may be obtained by multiplying (3.5) on the left by V,, (3.7) on the 


left by R,(z), and making use of (3.8) and equations (3.2) and (3.9). 
Multiplying Hilbert's identity by V, on the left and by V, on the right, 
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and applying (3.37), we obtain 
Mn, (21) — Mag (22) = (22 ~~ 21) 2s Ma, (21) Ro (2) Ro (22) 2 Mi, (22) (3.38) 


Relation (3.36) is Simply (3.38) written in terms of the kernels of the 
M,,(z). It should be kept in mind that these kernels have for a= a 6-type 
Singularity 
Malle, Bs K, p's 2)=t, (ky Ky 2 FE) B10, — 


\ 


+ UW A; P; k', P’; z), 


where W@W _J(k, p; kp; z) is a Smooth bounded kernel. This completes the 
proof. 


§ 4. Investigation of the kernel ¢(k, k’, z) 


In this section we shall investigate the integral equation derived in § 2 
for the kernel ?¢(k, k’, z). We shall prove its solvability and obtain detailed 
estimates for the solution. 

The equation in question has the form 


4 2 --1 
tk, ki, z)=o(k—k)—[o(k— ky (Fo — 2) (kt, ke, 2)dke (4,1) 


This is an equation for the kernel t(k, k’, z), seen asa function of k, with 
k’ and z serving aS parameters. The dependence on k’ is determined by 
the free term, and the dependence on z, by the kernel of the integral 
equation. 

We will assume once and for all that the function v(k) satisfies conditions 


A,, 8, and R, with > F, Hy >>: 


The integral in equation (4.1) becomes Singular when z lies on the real 
axis. Inorder to give suchan integral a meaning for arbitrary real z, we 
impose a Holder condition on all the functions appearing in the integrand. 
Let us now State a few definitions and results concerning Hdélder functions 
and singular integrals involving them, of which frequent use will be made in 
the following. 

The function f(k,, ..., Kg, 21, «++, Zm) Of the variables k,,..., k, and the com - 
plex variables 2), ..., 2m is said to fulfil Holder's condition with the indices 
1, «++, Pay %2, +++, %m and the estimating function M(k,, ..., ky, 21, +++) 2m), Where 
k,,i=1,...,2, range throughout three-dimensional space, and z,;, y=1, 
throughout the region II in the complex plane, if 


WFR ih neg hp 2 iy ewig Ze) OM Ri As sy Ba Sy ey Za 
Lf (k, hy, «26, Kyte Aa, ZA Ag, 006, 2m Am) — fF (Aa, «00, Kay 21, 00 05 Em) KS 
< CM (ky, «+ +) Kn; Z1, +00) Zm)L [Ay |e. ef Ay PP [Oy fe | 4, |], 


“ea IM, 


where 
lA, |<1, F=1, «.., ay | 4;] <1, = 1, ..., m, 


for z,+24,€ I, O<e<l. 
The following propositions are valid: 
I. Let f(ki, «-+) Kay Zi) +++) 2m) be a Hdlder function with the indices p, ..., py, 
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v1, «++ Ym and the estimating function M(k,, ..., kn, 21, ++) 2m) Then 


fi (k,, eee | ae k, 21, eer, Zm) =F (k,, eee, ki, Z1y eee, Zmlk =k, —k; 
fa (ki, eet, kas 21) bia Zm—2y z)= f(k,, ee ty Ks 2}, ae 


too, are Hélder functions, having respectively the indices yp, ..., p,», PB, 
Vip eee) ¥m, Where p= min(p,_1, Ma) AN py, ..., Bay “2, +++) Ye, ¥, Where v— Min (my, Ym), 
and the estimating functions M(k,, ..., kn, k, k, 2, «++, Zm) and M(k,, ..., Kny Z1, ++ 
@ assy? 2): 

II. Let f(k, .. 
timates 


’ 2m ee te 


-, Kn) 21, +++, 2m) De the Same as in]. Then we have the es- 
\f(k, thy, kyte hy, ...)—f (ki +A, ke, -»)—S (Aa, Ket he, «A 
+f (ky, Kay 02 )| CM (key 0003 Kny Zap oe ey Zm)| Ay PT] Ag [PO; 
|f(k, hy, «.-, 2 4 AY, .. J —S (Ay, 0-6, ZA Ay, 0) 
—f (ky hy, .- 0) 21, «0 JAA (Ki, 06, Zo DIK 
< OM ee va he Sods Soi lal 
|f(..-, 2-H AY, z+ Ag, .. J—f(..., ZA AL, Za, 22) — 
— f(..., 21, Za de, 00) (2, Z1y Zep oe JIS 
SOM (kya han Foxe ee) OA 


Here y iS anarbitrary number 0<y<l. For brevity, we have indicated 
by dots those arguments of f/(k,, ..., kn, Z1, -++, Zm) Which are held fixed. 
Ill. Let f(k,, ..., Ky, Z1) .. +) Zm) be aS in I, and let 


[d2iM (k,, wey Knp Zip ee ey Zm) KX 


Th < CN (ky, «0+, Kn—ty Zty 00 ey Zum) (14 [&, [72 
en 


Ti Wei oo ois We iegs Bhig o B Ge ee z= (5 —2) TVky, «00) Kny Ziy 0+ 0) Zm) dk, 


too, is a Hélder function, having the indices p, 


, 


v. v' vy, where 


acth Sig Mateo Voy 
v==min(>, ,) and each of the |, ..., pi_4, ¥j, ---, ¥,, May be taken as close as 
desired to, but smaller than the corresponding py,..., Ba-1, Yi, +++) Ym, and the 


°9 ™m> 
estimating function 


M,(k,, ory Kai Zip oe ey Zmy z)= N(k,, cers Rigecis Z1y sory Zm) x 
9’ 


x(1+|z)) 7, &<min(1, 9), 


where z ranges over the complex plane I), slit along the positive real axis. 
The function f, (k,, ..., Ani, Ziy-++) Zm, Z) 1S everywhere differentiable with 
respect to z except at the positive real axis, and for Re z<(—1 we have the 
eStimate . 

35 Ak, ae Kai Z1y eo 0y Zs z) q 


ld 


< CN (k,, orerey kn-1, Ziy cers Zm)(1 a | 4 ) - 


The constants in the estimates of f,(k), ..., Ky-1, Z1, -++) Zm Z) depend linearly 
on the constants of the estimates of f(k,, ..., Kn, 21, -++,; Zm): 

All these are known results, in this or an equivalent formulation. For 
the sake of completeness they are proved in Appendix I. In the following we 
Shall refer to proposition III as the lemma on Singular integrals. 
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Now for the investigation of equation (4.1). The estimate of the free term 
as a function of k depends, generally speaking, on the parameter k&. This 
disadvantage disappears in the iterations of equation (4.1). We now apply 
the lemma on Singular integrals to obtain estimates for these iterations. 

Let us begin with the second iteration 


12 —1 
t(k, k’, z)=—foke—ey(E —2] v(k! —k) dk’. (4,2) 
In order to estimate the integrand, we make use of the elementary inequality 
(L+|k—g)U+lg—k I< 
< Cll + |k—gly + (+ lg—k Jd + [kk I, (4.3) 
which follows from the triangle inequality and the familiar 


(a+ 6)’ < C(a’-+-5b'); a>0; 60; 0<8. 


Before applying the lemma on Singular integrals it is necessary to 
estimate the integral over angle variables 


Ik, |q|, )=[d2,(1+-[k—g)). (4.4) 


This integral will be shown in Appendix II to satisfy the estimate 
I(k, ||, VK CU +k) "+ fg) § += 8<2. (4.5) 


This, together with (4.3) gives the following estimate for the integral of 
the estimating function of the integrand of (4.2) with respect to the angle 
variables 


Ik, k', |k"i)==[d2,,(1+ [kk (1k ky 
<CW+|k—k | if d2,,[(l+|k—k' ly ++ lek) < 
— C(1 wie [k aay; yo +-|k! a 


It is asSumed here that 9< 1. 
We may also proceed differently. Let 8<4; we have 


I(k, Ki, [RV SCA + [kA RYT [ dQ (1+ [kk x 
X [Lk ROO I 
KCL (Le YL ee 


The last step follows by applying Hélder's inequality with a suitable 
index. 
We have thus obtained the result that the kernel #,(k, k’, z) is a Hélder 


function with the indices 4g, np, = where » is as close as desired to p»,, and 


with the estimating function 
(la-[k—k TP +] zy” or Akko OP ee, 


where 9<1, 6< 4, and 8< 6. 
A Similar procedure may be applied to the subsequent iterations. We 
shall state the result only. Let us define the operators 


t,, (z)=(—1)" vr, (z) vv... vr, (z)v, n=2, 3, ... (4.6) 


r,n times 
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and denote their kernels by #,(k, k’, z). Then the following result holds: 


Lemma 4,1. The following estimates are valid for the kernels t,(k, k’, z) 
for any finite n 


\t,(k, k’, z)|<CO+|k—k Ite zs (4.7) 
lt,(k-+h, Rh’, z+A)—1t,(k, k, 2I< 
<CI+[kK—R OC fz) ae a he a); (4.8) 


91; 8 <5 By << Poi 1<5 ; 
and the estimating function (1+-|k—k |)" in the right members of (4.7) and 
(4.8) may be replaced for n>nm, where n depends on 6, by the function 
(1+-|k|) "(1+ |k |) where 6, and 0, are some nonnegative exponents which 
satisfy the relation §,+-§,=1+9. All these estimates hold uniformly in all 
the k, k' and z€Qh. 
We introduce the class m(@, p) of functions /(k) satisfying the estimates 


FIX COED [FEAF I< CAE) ALS 
JA|<1; 9>0; O<p<cl. (4.9) 


This class will constitute a Banach space if the norm is defined as 
_ 6 If (k +h) — f (k)| 
|b, = sup (1+ 1 kA) FEO), (4.10) 


We designate this space 6(6, p). 

Let us remark that v(k) Gm(1+4,, ».), and that the kernels #,(k, k’, z) which 
considered as functions of k, belong for n>n, to m(4, »p,) are uniformly 
estimated for z€U, by 


lta ss i, 2b.» K CORY [z's (4.11) 
Ltn, kh, z+A)—t#t(;, k’, z) hb, Hey < 
KCK ez) [ah 4 |; (4,12) 


6,48, <1 +095 By Be tos Yen pra/2ps 9 <A, 
The last estimate follows from our proposition II on Hdlder functions. 
We now consider the integral operator 


a(z) f(k)=[v(k—k) & —z) f(k’) dk’. (4.13) 


operating on f(k) Gm(6, p). Repeating the procedure which we have uSed to 
estimate the iterations of equation (4.1), we may prove the following: 

Lemma 4.2. Let f(k)Em(6, p) and g(k, z)=a(z)f(k), where 6<1+46, and 
w<p, Then g(k, z) satisfies the estimates 


Ig (k, z)|<Clfle, A+ Je) 1 zs (4.14) 
Ig(k+h, z+A)—g(k, zI< 
<Cifl, +l) A+] zy [a + ayy; (4,15) 
aes 


V1 4: HH +O 


where v=min (>, ») and w' does nol depend on » and may be taken as close 
as desired to yy. 
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Thus, the operator a(z) transforms functions belonging to the class m(), p), 
with 6<1+-%, p<p, into functions of the class m/(@, »’), where we may take 
vw >p, ¥>6. We may note that the sequence of functions f,(k), which is 
bounded in the norm of 6(@, py’), must be compact in any 6(0, p), 0<0, pcp’. 
This criterion of compactness, and the estimates (4.14) and (4.15) imply 
the validity of 

Lemma 4.3. For any z€1,, the integral operator a(z) determines in 
b(6, p), 91+, »p<p, acompletely continuous operator, 


la(z)hb,.~SCO+] 2) (4.16) 
la(z+ 4)—a(z)h,,.<CQ+J2)"[af, (4.17) 
while 8 may be arbitrarily close to = and ion 
0 
Consider now, instead of t(k, k’, z), the kernel f(k, k’, z), obtained from 
the first by subtraction of the first ny—1 iterations of equation (4.1): 


E(k, k', z)=t(k, k', z)—t, (k, k', z)— oad — tai (k, k', z). 


The equation for f(k, k’, z) is 
Rp” —1 
E(k, k’, z)=ta,(k, k’, z)—[u(k—k’) ( —2) E(k", k’, z) dk’, (4.18) 


and, as mentioned before, the free term belongs to m(6,, p,), 0,<1-4-9%, 1, <p». 
We are looking fora solution f(k, k’, z) out of the class of functions, which 
for fixed k’ and z belong to m(@,, p,) as functions of &. On denoting by 

A(k’, z) and f(k', z) the elements induced by these kernels in 6(6,, p,), (4.18) 


can be written 
f(k', zJ=f/lk', z)—alz)f(k, 2) (4.19) 


We gather from Lemma 4.3 that the Fredholm alternative applies to this 
equation, so that our next problem is to study the homogeneous equation 


p+ a(z)p=0 (4.20) 


in the function class m(, p), 6<c1+6, p<y,. 

Lemma 4.4. Let 9(k) be a solution of equation (4.20) belonging to m(6, p), 
06<1+98, p<. Then o(k) Em(1+%, wv), where p may be taken as close as 
desired to py. 

The proof follows by repeated application of the estimates of Lemma 4.2. 

Lemma 4.5. Let Imz¥0. Then equation (4.20) has no nontrivial solutions 
in m(9, p). 

Proof. Let (4.20) have a solution, (k), in m(6,») for z—=z. By Lemma 


4.4 g(k) Gm(1+%, pp), so that o(k) G5 and Yo (k) = (s— — 20)? G0 (k) €d. Equation 


(4.20) then becomes, interms of  (k), 


(s— — 20) Ho(k)+ folk —) p(k’) dk’ =0 
or 
bh} = Zoho. 
Since h is Self-adjoint it follows that %=0, and hence 9 (k)=0. This 
completes the proof, 
Lemma 4.6. Equation (4.20) has no nontrivial solutions for sufficiently 
large |z|. 
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The proof follows from the fact that the norm of a(z) is Shown by the 
estimate (4.16) to be smaller than 1 for sufficiently large |z|. 
Lemma 4.7, Let 9(k) Em(9, p) be a Solution of (4.20) for z=w*+ i0 or 
z=w’—i0. Then 
9(k)| 4s gs (4,21) 
2m 


Proof. Consider the case z=wo?+ 0. The element 
g (€) = [a (w?+- ie) — a (w? +- 10)] 9, 


constructed from a solution 9(k) of equation (4.20) for z=w*?-+-i0 must vanish 
in the norm of 6(®, ») for e>0, on account of the continuity of the operator 
a(z). The functions 9(k) and g(k, «) belong to §, and the equation 


y+ a(w’ + ie) p= (e) 
may be written 
9+ WF (w? + fe) = g (ce). (4,22) 


We form the scalar product of (4.22) and rg(o’?+ ze)~, and obtain in virtue of 
the symmetry of vw in b, 


Im (Fq(w?-+- ie) p, —) = Im (Fp (w?-+- ie), g (€)). (4,23) 
The integrals 


| 9 (k) (5— — (w? ie) g(k, e) dk, 


appearing on the right-hand side of (4.23) vanish in the limit for e+>0, So 
that (4.23) may be written 


((ro(w® + ie) — ry (0*—F2)]9, 9) =0(1) 
or 


\- (k) pases TN  (k) dk =0 (1). 


Im or — ie Im eis 
PasSing to the limit for e+0, we obtain 


fle Gy l?8 (55 —e*) dk =0, 


which implies (4,21). 

The case z=w’?—i0 iS treated similarly. Note that we have proved that 
equation (4.20) has the same Solutions for z=w*?+i0 and z=w*—i0. Indeed, 
for any Solution of (4.20) with z=w*+-i0 we have 


(a (v*+ 10) — a(o? —10)) 9 (k) = 2ei J o(k—k)3(¥—0*) oR) dk =0, 


which shows that »(k) also satisfies (4.20) with z=w?—i0. This completes 
the proof. 

The points } on the real axis at which equation (4.20) has nontrivial so- 
lutions, will be called the singular points of the operator a(z). 

Lemma 4.8. Any singular point 10 of the operator a(z) belongs to the 
discrete spectrum of h. 

Proof. Consider first the case }\=w*?>0. We construct from the solution 
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9 (k) of (4.20) for zw? the function 


1H=9() (G2) 


Let us show that $(k)@>. The difficulty arises only in the neighborhood of 


the surface x = 0, where the denominator of ~(k) vanishes. However, by 


Lemma 4.7 we have for wo? 
YG) I=|9@— 900) alae 8 < Clea. l ae 8] 
2m 


Since ee we may in view of Lemma 4.4 assume that >> too, so that 
p(k) is square-integrable in the neighborhood of the singular surface. Equa- 
tion (4.20) becomes in terms of (k) 


(5-—“) 9 =—fok—k) g(k)dk, 


so that ¥(k) is an eigenfunction of h, and o is the corresponding eigenvalue. 

The case A>0O, which is treated analogously, iS Simpler Since the dif- 
ficulty associated with the singular denominator does not arise here. This 
completes the proof. 

These considerations become meaningless for }=0. Examples show 
that this point may be Singular as well as regular, and if it is Singular it 
need not belong to the discrete sepctrum of h. The point 4=0 is singular 
only in exceptional cases. Namely, if A=0O isa Singular point of the opera- 
tor a(z) with the potential v(k), then it will also be a Singular point of the 
operator a,(z), where v(k) is replaced by (1-4 ¢)u(k) for any sufficiently small 
e, In fact, a,(z)=(1-+ «)a(z) and the point 1-++e, for Sufficiently small e, does 
not belong to the spectrum of the completely continuous operator a (0). 

The discrete spectrum of h was studied by many authors, and the condi- 
tions restricting the potential v were formulated in the configuration re- 
presentation. Thus, Kato /5/ has proved that if v(x) is a quite arbitrary 
function within a sphere of finite radius, but outside this sphere 


u(x) |< C+ x |) (4,24) 


where a> 1, then the operator h has no positive discrete spectrum. There 
exist numerous sufficient conditions for the finiteness of the negative spec- 
trum. For example, the author /6/ has shown that if 2>2 in (4.24) then 
the nonpositive spectrum of h consists of a finite number of eigenvalues 
with finite multiplicities. Quite general conditions for finiteness of the non- 
positive spectrum, which are almost necesSary, are given by M. Sh. Bir- 
man /7/. 

Our present method is ill-adapted to the study of the discrete Spectrum. 
All that could be proved under the assumptions A, and B, is that the singular 
points of a(z) constitute a denumerable closed set, lie ina finite interval, 
and have at most one limit point, at A=0. In order to apply the above re- 
sults, it is necessary to impoSe on the Fourier transform of the potential 
v(k) conditions of the type (4.24). The corresponding conditions may be re- 
ferred to the function u(k) itself, but these are known to be too broad. We 
Shall therefore simply assume that the following condition is Satisfied in 
addition to A,, B, and R. 
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Condition C. The discrete spectrum of h consists of a single simple 
nonposilive eigenvalue. The point }=0 1s not an eigenvalue of a(z). 

The first restriction iS impoSed only in order to Simplify the formulas, 
All the methods applied below and also all the resultS can be readily ex- 
tended to the case of a finite number of negative eigenvalues having finite 
multiplicities. The Second restriction of condition C is more essential; 
indeed, our Subsequent treatment of the resolvent of the three-body energy 
operator can not be applied without modifications to the case when A=0 is 
a Singular point of at least one of the three operators of type h with the po- 
tentials v,(k) and masses m,(a=23, 31, 12) standing for v(k) and m. However, 
as already mentioned above, this second restriction is fulfilled as a rule. 

We denote the eigenvalue of h by —x? and the corresponding eigenfunction 
by $(k). 

Lemma 4.9. The function 9(k) may be represented in the form 


y=", (4,25) 
a + 
where ¢(k) belongs to m(1-+ 4, uo) and satisfies equation (4.20) for z=—*. 


Proof. By definition, ¥(k) belongs to > and satisfies the equation 
Fy (ky folk —k) 4 (ki) dk! = 229 (0), (4,26) 
Substituting in (4.26) e(O=(g- +) 40), we obtain 
9 (k)=— fv(k—k)y (ky dk. (4,27) 


We have for ¢(k) the estimate 
Ie) |< C( [A+ ky (1+ |e ky Or dey x 
x (FO e7P | ye) [Pde < CEI 


9< 5: 
Here the integral of the type 


1 


ae OE a ae 
1a=lasie (1+|q—a|)? 


(4.28) 
was eStimated by 

Ia) C(1+|a])-** 9; a+ B83; 23; BCS. (4.29) 
This estimate is proved in Appendix II. One may Similarly estimate the 
Hodlder difference forthe function ¢(k) with index »). We are led to the con- 


clusion that 9(k)Em(1+-9, py), 0<>. Relation (4.27) assumes in terms of 9(&) 
the form 


e(k)=—foe—y)(F +2) p(eyde, 


i.e. , p(k) is a Solution of equation (4.20) for z=—x*, We may conclude 
from Lemma 4.4 that 9(k)Em(1+4, p,). 

This completes the proof. 

We have now completed the diScussion of the set of Singular points of a(z) 
and may go back to Study equation (4.19), i.e. , to investigate the operator 
(e+ a(z))~. 
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Lemma 4,10, For any z€1, except z= —x*®, the operator (e+-a(z))" has 
an inverse of the form 


(e-+-a(z))"' =e+ b(z), (4.30) 

ee Ib(2)h .<CU+1z1)? (4.31) 
and 

b(z+4)—b(2)I,,< CU +z) 1A] 3B; vhost. (4.32) 


Proof. Fredholm's alternative and the absence of nontrivial solutions of 
the homogeneous equation imply that e+-a(z) has for any fixed zA—-x? an 
inverse in 6(6, pp). The estimate (4.31), which holds uniformly in |z|, fol- 
lows from estimate (4.16) of a(z). (4.32) follows from the Hélder continuity 
of a(z). This completes the proof. 

Applying the last lemma to equation (4.19) and keeping in mind the con- 
nection between this equation and (4.1), we deduce the following result: 


Theorem 4.1, Let the conditions A,, B,, R and C be fulfilled, with >, 


ie Then equation (4.1) has for any z@Ml, except z=—*’, a unique solu- 
tion which satisfies the estimates 
[t(k, kK’, z)|<CI+[k—k | (4.33) 
|t(k+h, +h, z+d)—t#t(k, ki, z)\< 
KCI | kK | [fafa fal; (4,34) 
|t(k, kl, z)—v(k—k) |< Cl +|k— ky | 21), (4.35) 


where 0, p, y may be chosen as close as desired to min(1, %&), », and q, 
respectively. 
We have here made use of the following result. If 


If(k, REVI CU+IEI + fe (4.36) 
for any 6,, 4 Such that 0,+6,-6, then 
fk, RVI CU+|k—k |). (4,37) 


To verify this, let |k|<|kH]|. Then 
JkK—-R |< [RI+IR I< 2] KI, 


which gives (4.37) if 6, =@ in (4.36). The case |k|>|k| is similar. 

We now take up the investigation of the behavior of the kernel ¢(k, k, z) 
in the neighborhood of the Singular point z=-—x?<0, which by assumption 
belongs to the discrete spectrum of h. It is easily verified that this is an 
isolated spectrum point. Indeed, for z—x®? we know that ¢(k, k, z) satis- 
fies the estimate (4.33), and the resolvent r,(z), and thus also r(z), are 
bounded for any z in the neighborhood of z=—x?, 


Lemma 4.11, In the neighborhood of the singular point z=— the opera- 
tor t(z) admits the representation 


t(z) = (z+?) c+ €(z), (4.38) 


where e and t(z) are defined on » for all the z in question, and ¢ is sym- 
metric. 
Proof. We use the following representation of r(z) in the neighborhood of 
the isolated spectrum point of h 
r (z) =? + 2)" p+#(2). (4,39) 
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Here p isa projection operator on the subspace corresponding to }=—-?, 
and #(z) iS an operator which is bounded for z~—»? and analytic in z. The 
ranges of p and f(z) lie in db. Formula (4.38) follows from the expression 
(2.8) for t(z) in terms of r(z), with 


c—=—vpv; t(z)—v—vr(z)v, (4.40) 


and these operators possess the required properties. This completes the 
proof. 

Lemma 4,12. The operator ec is an integral operator, and its kernel 
may be represented as 


c(k, k’)= 9 (k) 9 (k), (4.41) 
where (k) is a solution of equation (4.20) for z=—, normalized by the 
condition | 

Je (s-4) 9 @dk=1. (4.42) 


Proof. The projection operator p is ar integral operator with the kernel 
p(k, k= (kv), (4,43) 


where $(k) is the normalized-to-unity eigenfunction of h that belongs to the 
eigenvalue —x?, The lemma follows from (4.27), (4.40) and (4.43). 


Lemma 4,13. The kernel t(k, k’, z) has the following vepresertation 


t (k, k’, z)= 29%) (k— kya 


+ft(k, q, + 10)(f-—z) t(q, k, #10) dg. (4,44) 
Proof. We note that the kernel ¢(k, k’, z) is for fixed k and k’ an analytic 
function of z throughout the complex plane except at z=—-»? and at the slit 


along the positive real axis, where it has continuous limiting values. Ac- 
tually, passing to the limit in (2.17) for z,~>z,, we obtain 


tk, kK, 2=—[tk, , Y(G—z) tq, &, 2)da. (4,45) 


and the integral on the right-hand side is easily estimated for any admissible 
z by means of the obtained estimates. In virtue of this analyticity, the 
kernel t(k, &, z) may be written 
t(k, k’, s) 
t(k, k’, z)= sy pt ds, 


s—t 
T 


where the contour 7 consists of a circle of radius ¢ around the point z=—* 
and a contour which runs along the slit at a distance e on both sides and 
widens into a circle of radius R around the origin, which closes it. The 
integral along the small circle reduces in the limit for e+0 to 


1 tlk ks) el ED 


; ae 2 
ep 27 s—z z+ 


. (4.46) 
Since all we know about the behavior of t(k, k’, z) in the neighborhood of 


z==-—»? is the assertion of Lemma 4.11, we proceed as follows in order to 
prove (4.46). We take two smooth finite functions /(k) and f’(k) and consider 


the function ee 
t(s\=|F Et, kK, s)f(k)dkdk' =(t(s)f, 7’. 
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Since on the functions of > the operator €(z) is uniformly bounded in z, 


lin $ - =f) ee = Leesa (cf, f’) EOS Sf) \ds J 


+ %2) (s — ae s—z 
ae (aie | 8-4 ie 


Ach f) f) 


= 2Qni = Qni ~ | f(k) 9 (k) dk | 7 (k) 9 (k) dk, 
which entails (4.46) on account of the arbitrariness of the functions /(k) and 
f'(k). Let us now examine the contribution of the second contour. Using 
the asymptotic estimate (4.35), we find for the integral along the large 
circle, in the limit for R>o, the value v(k—&). The integral along the 
lines running along the slit is evaluated by letting them approach the slit. 
The expression t(k, k’, s+i0)—t(k, k’, s—i0) which then appears may be re- 
presented by means of (2.17), substituting there z;3=s+/e and z,=s—ve and 
passing to the limit for e—0, 

t(k, k’, s+-i0)—-t(k, k’, s—i0)= 


2i{e| 


aa) + @2 


=tip |e, g, S+is)- t(q, k', s—ice)dq= 


oe (= 
=2ni |t (k, 1 a ~ = 10)8(¢- —s)t (9, k’, © = i0) dq. 


Collecting the various contributions, we obtain (4.44). This completes the 
proof, 
Lemma 4,14. The functions 


{P(k, k)=t (k, k', E+ 10) (4.47) 
satisfy the estimates 
[{P(k, ky CURR I 
|f{P(k+h, K+hy—tP(k, ky < 
<CII+lkK—R YOO ULAP +A) (4,48) 
1 


where v can be taken as close as desired to z- 


The proof requires only a Hdélder-type estimation with respect to k’. We 


have, for example, 
Jt(k, we +10)\—t(k, ki, + i0)|< 


< C+ [kK—k yA gy (1+ Ig) | AL’- (4.49) 


We may take o>+ in (4.49); the increasing factor (1+|q|)” is offset by 


the denominator. Substituting k’=q in (4.49), we obtain the estimates (4.48). 
We now possess all we need to prove the following theorem: 


Theorem 4.2, Let conditions As, By, R and C be fulfilled with >> and 
>> Then the kernel t(k, Kk, z) may be represented in the form 


t(k, kK’, zy =P HE) , Fk, ke, 2), (4,50) 


where (k)Em(1+-%, p,), and t(k, k’, z) satisfies the following estimates uni- 
formly in ll, 


|é(k, Ry ze) C(l 4 | k—k' |; (4.51) 
\é(k-+-h, +h, z+ A)—i(k, Ki, z)|< 
<C(i+|k—k' | [Alfa Ps] 4), (4.52) 


and 0, », v may be made as close as desired to 4%, pw, 7 respectively.. Fur- 
ther, 


st (k, k’, z)| << C(l+[k—# [yt P+] 2/7 (4,53) 


for Re z<—1. 

Proof. We apply the representation (4,44) derived in Lemma 4.13 for the 
kernel ¢(k, &, z), and let f(k, k, z) stand for the last two terms of (4.44). It 
only remains to justify the estimate for the integral in (4.44). We may write 
the numerator of the integrand in the form 


t (k, q, £ + i0)t(k, 9, £- +10), 


by virtue of the symmetry condition (2.15) for the kernel ¢t(k, k&, z). The 
estimate now follows from the lemma on singular integrals and lL.emma 4.14, 
exactly as the estimates of the iterations of equation (4.1). 


§ 5. General treatment of the kernels CO as (k, p; k’, p's 2) 


In this and the next two sections we will examine the behavior of the 
kernels WY,,(k, p; k, p’; z) of the operators W.,(z), defined in § 3, Our basic 
tool is the system of equations (3.15), derived for these operators in § 3. 

The investigation is conducted along the same lines as in our treatment 
of equation (4.1) in § 4, that is, our task is divided as follows. 

(i) Obtaining suitable estimates for the iterations of the system of equa- 
tions (3.20). 

(ii) Finding a function space in which these iterations are contained, at 
least from a certain order onwards, and such that the system of equations 
(3.20) can be written as an integral equation of the second kind in terms of 
its elements and operators. 

(iii) Investigating the associated homogeneous equation. 

In the present section we for the most part only state the results, rele- 
gating their proofs to the next two sections, 

It is asSumed everywhere that conditions Ae, B,, R and C are fulfilled 
for the three potentials v,(k), «=23, 31, 12. We denote by —»® and 9, (k) the 
discrete eigenvalue and the normalized eigenfunction of the h-type operator 
with m, and vu,(k) standing for the mass m and the potential v(k). The kernel 


of the operator t,(z) is noted by t,(k, &, z), and ¢, (y= (— +22), (k). 

We start with the description of the iterations of equation (3.15). These, 
we recall, may all be expressed by means of the operators Q™ | (z), intro- 
duced in §3. There we have also written down the following expression for 


the kernel of the operator Q%,,(z) which appears in the first iteration (cf. 
(3.19)): 


2 
a , Pj 
OR, (ky Pi KR, P's 2)= tea ke, = Pas eae eag PIE z) . 


cf : a —1 12 
_P (p,. Po) Po m, nats Po 
x (sf eee m3 Dt, | Ae eee ky t— Fae ‘ (5.1) 


This kernel is seen to behave properly for complex z with Imz-=<0 and to 
possess several Singularities for Imnz—~0, some of which have their origin 
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in the singularities of the kernels #,,(k, &, z) and #s,(k, &, z) involved in this 
expression; in(5.1) we have, for example, a term of the type 


k 
— ee FR a(Ps k’, p's 2), (5.2) 


r | . 
+ hog 
z 38 2n, 


where # ,,(p,;; &, p's z) is continuous in the neighborhood of the singularity 
of the denominator. In addition to this term with a singularity of the 


2\—I1 
type (2+3,—71) , there appears a term with a singularity of the type 
1 


2 


—l 

(e+, — = and a term which contains the product of these two singula- 

2 
rities. It is characteristic that (5.2) depends on k, only via Pe3(Ke3). Si- 

2 \—1 

milarly, the term with a singularity of the type z+, — depends on 
k,, only via 9,,(k,), and the term with a singularity of the type 

2 —]) 22\—l 
eas ae) depends on &k,, and ky, only via 945 (kes) 5, (Ks,)- 

2 


These will be referred to as the fundamental singularities. 
In addition, there appears in (5.1) another singularity which is due to the 


, 13 
(rr Pa) | Pe The position of this sin- 
mg 2mo3 


2 
vanishing of the expression i+ 

1 
gularity depends on the magnitudes and directions of the variables p, and py. 
We shall call such singularities secondary. They turn out to become 
weakened and generally disappear with increasing order of iteration. 

In order to give a rigorous formulation we introduce now some necessary 
definitions, A kernel @(k, p; &, p’; z) is said to be of type Q,, if it may be 
expressed in the form 

Q(k, p; k, p's z) =F (k, p; BK, py z)+ 


: Pg (F; ate 
+ (k, Pi Ppi 2) 1) + eel G (pas K, ply z)+ 


“A 


p 
e+xk — 5 r+ — 3, 
« (ka) 5 (kg) 
+ ——ta tet = H (P.3 Pgs 2) ———3- - (5.3) 
a P 


The kernels J (k, p; K, p's z), Ik, p; Pas 2), F (P,3 bk’, p'; z) and A(p,; py; z) are then 
called components of @(k, p; kK, p’'; z). A kernel @(k, p; k’, p'; z) of type Q,, is 
said to belong to the class Q,, (8, wu) if the kernel ¢& (k, p; k’, p'; z) satisfies the 
following estimates 


| F (k, ps k', p's z)|<CM(k, p; 9) (1+ pp}; (5.4) 
| F (kh, p+l; k’-eh, p'+l; z+A)—Z (k, p; k, ps I< 
<CN(k, p; %) (1+ pp} LA [lhe fa Pala 4, (5.5) 


and if the kernels o&(k, p; pz; 2), &F (p,3 k’, p'; z)and #(p,; ps; z) satisfy the esti- 
mates obtained from (5.4) and (5.5) on setting respectively k,=0, k,=0; and 
simultaneously k,=0 and k,=0. The estimating function N(k, p; 9) was de- 
fined in (3.23). 

The kernels of the operators Q” ren (2) are Studied in detail in § 6, where 
the following result is proved: 
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For n>4 the kernels @® gtk, ps &, p's z) of the operators UW, (z) 
belong to the classes Q,,(6, i) with certain indices 6 and i, i>, uniformly 
over any finite region of the complex z-plane, denoted by I_» to indicate 
that it ts slit along the real axis from the point —x*, where @=max(z2,, 32, »,), 
to co. When |z|2>o, the constants in the estimates of the type (5.4) and 
(5.5) cannot increase faster than some finite power of |z|. 

Let us now describe the function space in which we intend to study the 


system of equations (3.15). We consider several classes of functions. A 
function p(k, p) is said to be of class M6, zp) if it satisfies the conditions 


Ip(k, p) |< CN(k, p; 9); (5.6) 
|p(kK-+-h, p+l)—pkk, p)i<CN(k, p; 9) (JAP +-| 2). (5.7 ) 
A function o(p) is said to be of class MN(6, p) if it satisfies the conditions 
[o(p) |< C1 |p |); (5.8) 
|o(p+ l)—o(p)| << CL | pj) | ZF. (5.9) 


The function (1-+|p|)—0*® in (5. 8) and (5.9) is adjusted so that 
(1+ |p, [C9 N(k, ps ®)|z,-0 does not vanish and is uniformly bounded for any p,, 
so that the estimating functions (1+|p,|)-@*) and N(k, p; 9)|z,.-0 are equivalent. 
Consider the set of elements w, consisting of the totality of 'sextets'' of 
functions 
© = (P95 (k, p), Pr (kK, P), Pin (Kk, P),% (P1), 92 (Pa), 23 (Ps)), 


where p(k, p)EM (6, pv) and so, (py\EN(G, v), «= 23, 31, 12. This set will be a com- 
plete Banach space, which we designate @(6,»), if the norm of wo is defined 


as Neate Up. 
ol, p= Sysup {1+ 1a) Joy (p_)| + ee =e Pah) 


— a(k +h, p)—p,(k, 
+-(N(k, ps | [eg (ky ppl PAE" Pete, vl 


|Pa(k, p-+l) — ba (k, pI 
me TP I ; 
The functions p,(k, p) and s,(p,) will be called the components of the element 


». In the following we shall often use the function 


Pa (Ka) Sn (Pa) 


2 
q Pa 
z+ %e — Ga 


Xa(k, p; z)= 0, (k, p)+ (5.10) 


formed from o,(k, p) and o,(p,). 
Consider the operator A(z), defined on the elements w of @(8, p) by 


o! = A(z)o (5.11) 


which means explicitly 
3 Ld 
; a ’ Pa 3 (Pp, = Pa) 
Pa (k, p)=— fe (x, ki Zz On, K? 12 x 


pe eae 
2m * 2n 7 
x Sx, p's 2)dk/dp'; (5.12) 
Ba 
’ —— © (k') 3 (Py — Pa) k' l, dk'd ! (5 13) 
¢, (P,) = — #, ( a a »P; 2) p- : 
ea 


2m * Qn 7 


Here p(k, p) and o.(p,) are the components of w’. 


29 


By adding (5.13) multiplied by o.(k,)(z sate) to (5.12) and denoting 
the function formed from »,(k, p) and o/(p,) according to (9.10) by x(k, p; z), 


we obtain 
; 2\ 8(P,—p, 
x(k, P; z)=— \« (i, k., 2] we x 
2m * In 
x Sx (k, p's z)dk'dp’. (5.14) 


Ba 


If Jmz0 and O>F, then y,(k, p; z)GH% and (5.14) may be written in the form 
Xa (2) = —T, (2) Ro (2), Bi %, (2). (5.15) 


We observe that the operator A(z) is closely associated with the system 
of equations (3.1 5) which we will study. This somewhat crude derivationhas 
been necessary for the step-by-step examination of the fundamental singu- 
larities of the kernels UO a (k, p; k’, p's z). 

We reduce the study of the system (3.15) to the investigation of a second- 
kind equation in the space @(6, p) with the operator A(z). We consider instead 
of the operators W., (z) the operators W.,(z), obtained from the former by 
subtracting the first three iterations of (3.15) (cf. (3.21) ). 

The system of equations for the operators W, ,(z) has the form 


W,, (2) = WY (2) —T.@)R,(2) & Wis), (5.16) 


where 

WE ABE)= 2 OO, sara (2) (5.17) 
The kernels 270) (k, p; k', p’; z) belong, by the above proposition anticipating 
the analysis of § 6, to the classes Q,,(6, #). Their components are denoted 
by Fo (k, p; k’, p's z), IM (k, D3 Ps; Z), 40) 3 (Pas &’, B’3 Z) and 76°) 8 (Pos Ps; z). For fixed 
B, k’, p’ and z, the totality of kernels F9 (k, p; k’, p’; z) ie IO (p,; k', p'; z) may 
be regarded as an element in @(, »), <5, p<. We denote this element by 
wf (k', p's z). We similarly assign the element of)(p,; z) to the totality of 


kernels IM (k, Pp; ps z) and 769 (p,; pgs z) with fixed B, pp and z. The estimates 
of the type (5.4) and (5.5) now become 


oR’, v's Zl. y, KC z|)A+p, 7; 
o(ki +h’, p+; z+ A)— of (Kk, p! z) Ih 
|* 6,, — 
<C({z|)(1- py) [la ee | a]; 
J (D5, Z)llo,. wn, <CUz1) (1 pg ); 
Jos (pp Ls z+ 4)— oP (p55 Zz) Ip, S 
<C(lz|)(1+ ps Of + [4]. 


Here <6, + =f. 
Consider the following equations in @(6, »), with 6<6, p<a, 


og (k’, p's z) = ON (K', p's z) + A(z)o, (kK, p's z), (5.18) 
5 (Pgh 2) = 08) (Pgs 2) + A(z) 06 (Pp 2) (5.19) 


Let these equations be solved for some z by an 0, (k’, p’; z) and an 5 (Pgs 2) 
in (8, »). We denote the components of these elements by F alk, p; k', p’; z), 
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Fag (Pas k',p'; z) and ¥,.(k, p; pgs Zz), Ao6,3(P.s Pgs Z), and consider these kernels as 
the components of kernels Cag (k, p; k', p; z) of the type 2 
verified that these kernels satisfy the equations 


DW glk, ps kK, p's 2)= WO (k, ps K, p's z)— 


ag st iS easily 


(Dp, — P. = 
Jone k k" ps Pa 2 (Pa Pa) SZ (k", p’; k', p; z) dk"dp". (5.20) 
a @ a 2n, pr”? p” Tp 

Qn en 


If Imz+0O and O>5, then, aS was shown in § 3, the integral operators 


W.,(z) with these kernels are defined on 9, and the system of equations 
(5.20) may be expressed in the form (5.16). This step reduces the investi- 
gation of the kernels W”,,(k, p; kK’, p's z) to examining the solvability of the 
equation 

o = 0 — A(z)o (5.21) 


in the Space G(6, ). 

This problem is analyzed in §7, and the main result may be stated as 
follows: 

Let OES”, w), wg, <6. Equation (5.21) has a unique solution in 
GBs, ») for any z in the plane U_»z, excluding a set of points z=, on the real 
axis which constitute the discrete spectrum of H. We may take 6 and » as 
close as desired to # and y'. The solution satisfies the estimaie 


Olle »p SECU z|) ok yw, (5.22) 


uniformly in z over any finite domain containing none of the singular points 
h, The set {i,} is denumerable, closed, and bounded, and may only have 
limit points at —#, 2=23, 31, 12. 


The statements made so far in this section (to be proved in §§ 6, 7) may 
be summed up in the following theorem: 


Theorem 5.1. Let the conditions As, By, R and C be fulfilled for all the 
three potentials v,(k), «=23, 31, 12, with 8 > and > Then the W.,(z) 
defined by (3.21), (3.22), (3.17) are integral operators whose kernels 
(ks p; k', p; z) belong to He classes Q,,(6, ») with certain indices 6 and x, 
whereby we may choose I> 5 Estates of the type (5.4) and (5.5) hold 


for these kernels uniformly z over any finite region of the complex plane 
II_«, slit along the posttive real axis from the point —x2 to «, provided 


that this region contains none of the singular points i, — the discrete spec- 
trum of H— nor certain neighborhoods of them. The set of singular points 
h, lies in a finite interval, 1s denumerable, closed and may have as limit 


points only the points —2, 2=23, 31, 12. 
Along with the kernels Fy, Fas, Fi and #,, (here written for brevity 


without their arguments) which serve to coneipact 2D os in the manner of 
(5.3), we shall also need the kernels 
oy (ka 
PE (kes Pi Pgs 2)= Fog (Ks Pi Pgs 2) acre G FE og (Pai Poi 2) (5,23) 


9 a 
Zt hk. — SQ 
a 62n, 


FH ag (Pas K', p's 2) = Gag (Pas K’, p's 2) Hag (P.3 Pps 2) (5,24) 
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We denote by o% and of the kernels formed ina similar fashion from 
the pairs 90, KY and I), BY, consisting of components of the wo), It is 
obvious ior relations similar to (5.3) for the %,, that in order to define 
the of, or of, it is necessary to separate in DW ., the terms which are 


e P Pa e 
singular when z+—-—* +0 or z+—+*-—+0, respectively. It turns out 
B 2n, a 2ng 


that the kernels #4 and Hag may also be formed from ©, in a different 
way, indicated in the following lemma. 
Lemma 5.1. The following relations hold for any z with Imz~0 


as ke 
ac p; k, p’; 2) — py tO a, = Hg (k, ps pis Z)———s-;,_ (5.25) 


Im * on 7 zat —P 
8 
ya) 1 
{wh Pot p; kK, p’; z)dk, = = a og (Pa k', p's z). (5.26) 
Im * Qn? a 2n, 
Proof. We first prove that 
Ke i‘ _ valk) 

feck, &, 2(K—- 9 (K) dk ==, a= 23, 31, 12. (5.27) 


(We omit the index a for convenience.) The function $(k), we recall, is 
an eigenfunction of h whose eigenvalue is —x?, so that if r(z) is the resolvent 
of h, then 


r(z)} = y. 


Let us write this relation explicitly, using the expression (2.10) for the re- 
solvent r(z) in terms of the operator t(z) with the kernel ft(k, k’, z). We 
obtain 


(F—2) 0+ (ge—2) “fed & a(Z-—2) ode = — 2B. (5.28) 


2m 


Multiplying this by sz and collecting terms, we obtain 


fe, k', z) (#2) 9 (k) dk’ =(F—-+-#) $4, 


which iS exactly (5.27), since e(k)=(4-+*)9 b (k). 

We now replace in (5.27) z by z and take the complex conjugate of both 
Sides. After simple changes of the symbols of the variables and using the 
symmetry relation (2.15) for t(k, k&, z), we obtain 

——— / 2 —1 ». (k) 
[9.© (a> —2) t.(k, k’, 2) dk =O), (5.29) 

Let us show that the Wo, AY and of) Satisfy relations of the type (5.23) 


and (5.24). We note that the kernels oy may be represented by an integral 
of the form 


Pa ; - 
al aw Ka ae (140, kay 2 — 2m; dkOdp...dk“%dp, (5.30) 


We have written explicitly those factors of the integrand which determine 
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the dependence on k, and ky. The kernel oY may be represented by a 
2 


ee is replaced by the 


Similar integral in which the kernel ¢, | &{®, in 
p 


function , (Kf). 
—1 
We multiply (5.30) by (F42 + 2 — — 2] ?,(k,) and integrate with respect to 


ki. All the integrals converge a cote iety when Imz¥0, so we may change 
the order of integration and integrate first with respect to k,. By (5.27), 


72 


7 | is then replaced by the function 9,(k{*) z+ x3 — 
12 —1 


= a , which leads to a relation of the type (5.25) for the wo and oY. 


One ban Similarly derive a relation of the type (5.26) for the Wo and of'®), 


the kernel (us, k,, z— 


by multiplying (5.30) by 4, (k, \(-— a z) integrating with respect to k, 
and applying (5.29). 
We must still Prove oa relations (5.25) and (5.26) themselves. Multi- 


—1 
plying (5.20) by ( += - 7 ?,(k,) and integrating with respect to k,, we 
find that the kernels 


M alk, Ps Py 2)= Drag lk, ps K, p's 2) (H+ — 2) oy(e) dk 


satisfy the equations 


’ ° ; 1 
AN (k, P; Pa» z)= of Yk, P; Pas See 
z+ 1g — 5 
2 ( B 
” Pa 5 Pa P,) / ; 
sal (k, ko ~ On, ie | 2 EE a 7 ae p” Sw (k's p’; Pas z)dkdp". (5.31) 
“om + 5 — 2 #ea 


It follows from the properties of the D.. that the Nay may be represented 


as 
; , Pa (k,) 6 (Pai Pai z) 
A g(ky Ps Pgs Z)=Pag(k, Ps Pps 2 a ee meat 
z+ — Tne 
where p,,EM(9, p) and o,E€N(6, ») for fixed B, p, and z. By definition of the 
kernels AB and equation (5.19), it follows that the system (5.31) is also 


12 


—1 
Satisfied by the kernels c%',,(k, Pp; Py; z) [seg « Relation (5.25) then 
B 


follows by virtue of the uniqueness of solution of this system within the con- 
sidered class of kernels, 
To prove (5.26), note that 


Hg (Pas &’, P's z= AY (p,3 K, ps z)— 


waz A (Pa — Pa) 79 "oon i LP PR 
aa acca > Fk ps k, p's z)dk'dp", (5,32) 


nn 


by definition of #.» J, and of. We multiply (5.20) by $,(k.)(s— ++ _ 2) 


apy 2 
integrate with respect to k,, and in view of (5.29) and a relation of the type 
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(5.26) for the kernels W® and o%'®), find that the kernels 


(P / / a ky 75 ! ! 
Mag (Pas *, P's sal | pit? — FF lk, p; k’, p's z) dk, (5.33) 
2m * 2n 
satisfy the relations : 


Mg (Pas K’, pls 2) = HY (ps k', p's z)— 


2 
z+ —— 
i 


~|*5 Ot (CH) Gores came a oa me D Walk, v's &, pls 2) dk'dp". (5,34) 


“2m + on? Ve 


Comparing (5.32), (5.33) and (5.34), we obtain (5.26). 
This completes the proof, 
Lemma 5.2. The following relations are valid 


AH ig(k, Ps Pos z) = o's, (P53 k, p; 2). (5.35) 


Proof. We make use of the symmetry relations (3.32) for the kernels 


CO 9s It is easily verified that similar relations hold for the Da too, viz. , 


Walk, Ps K', pls z)= Wa (K, p's k, ps 2). (5.36) 


We replace in(5.26) z by z, interchange a and 8, and also interchange the 
primed and unprimed variables. Taking the complex conjugate of the new 
expression, we get 


k? 

am * In? zak Dn, 
Comparing (5.37) with (5.25) and keeping in mind (5.36), we infer (5.35), 
which completes the proof. 

The relations (5.25), (5.26) and (5.35) will be applied in §9. To conclude 
this section we now show that the assertion made in § 3 concerning the be- 
havior of the kernels Wg (k, p; k',p'; z) for Imz0, follows from Theorem 
5.1. To this end we have to show that the estimates (5.4) and (5.5) are valid 
for the complete kernel alk, p; k’, p’; z) and not only for its component 
F aglk, p; k', p'; z). Consider, say, the kernel 


975 fon bp (ks) ’ 7) ee 1 
| Be Pi Mee Pr 2) ag Kg Han (Pgs K, ps Z)————--._ (5.37) 


09 (ko G 
ai os, 01 (Pas Kk’, p's 2). (5.38) 
5 1 
aa aes a 2n, 
For Imz0 
C= eed) age 
z 23 2n, “S | Im z | 
and 


P23 (kos) Say, 31 (Pi; k’, Dp’; z)| < C(1 te | ke, \y-C+9) (1 + |P: 20+) x 
x (1 + py) < cl +-|p, yor (1 ae | P, jo (1 + py) < 
<CN(k, p; %)(1-+p,") 
We have used here the estimate 


| Fos, a1 (Pas k’, P's z)| << CQ |p, |) 2049) (1p? ys 


which is valid for &%. 5, for any z with Imz0, since the singular points are 
restricted to the real axis. Thus (5.38) satisfies an estimate of the type 
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(5.4). The remaining estimates are similarly derived, so that the assertion 
made in § 3 may be considered to be proved. 


§ 6. Estimates of the kernels @™ | (k, ps &, ps z) 


In this section we shall study in detail the behavior of the kernels 
Oe (k, p; k’, p’; z) of the operators Qr’ iio (z), introduced in §3. Let 
Yi, «+> Ing; DE a Sequence of n-+1 indices, each of which runs over the values 
23, 31, 12, while 7,47 i=l,..., a. The operators Q” ma 2) are de- 
fined for Im z~0 by 


Qin. (z)=(—1)" T, (z) R, (z) T,, (2) --- i (z)R, (z) \ ee (z). (6.1) 


These are integral operators, whose kernels we will denote by 


eaey 


i+) 


(n) 
Q 


Nis eee (k, p; k', p’; z). By the definition (6.1), these kernels are represented 
by the integrals 


2 (3) 
. e _ Py, 8 (P,, — Py, ) 
OT cstmas Ke PSK, PS z)=(—1) ft, (k,, a ri) pur ea 
2m * 2n 
8 (Pines — Pines) : 
+1 Tn+1 P 
lay, eee or eae (n) : — __ Int Ddp™ .. dp") 
RO) pi”) bee (un, Kona? ag 2n dk dp --. dk dp g (6. 2) 
2m“ 2n 7” si 


In order to investigate these integrals we must first derive some esti- 
2 
Pa 


mates of the kernels t (x, k', z—p, 


2 
Lemma 6,1. The kernels t, (x, k', z 2) may be vepresented in the form 
z) (ka) P(E.) 
t @ ki, ee ee (ka) Pa ( ue ui(k,, Kis Pas z), (6.3) 
ig z+x? ae Pa 
2n, 


where 9,(k)Em(9,,.,) and u,(k,, ki, p,3 z) Satisfies the estimates 


|us(ky kK, Ps z)|C CA +/k,— ky C440); (6.4) 


u,(k, +h, ki th’, p z+-A)— u,(k,, a ZI< 


<C+ fk, — KO [apo jaro jap |; (6.5) 


u(ky ky Ppl; z)—u, (ky ki, Ps z)|< 


<CQ +12) A+k,— ky Ory, (6,6) 
and 0, », and v are less than, but as close as desired to 6, », and m YES- 


pectively. 
Proof. We uSe the representation (4.50) for the kernel ¢,(k,, kj, z) and 
write 


2 
(kj Kis Ps z)=#, (k, k., z—5" ) ; (6.7) 


All the assertions of the lemma, except the estimate (6.6), now follow direct- 
ly from Theorem 4.3. To prove (6.6) we consider the two cases: 


35 


1, pi<4M|z|+1, where M=max(m,, m,, m,). Then we obtain with the help 
of (4.52) 


| a.(k ki, Ppl; z)— a (k,, ki, Pes z\\< 


< C+ [k,— kif OM) | (p, +? pap < 


<C +k, — KO) pp pyar < 


<cQ+lz)* (1 +k, — kp er ip, 


2. pp 24M|z|+1. Then 


1 
Z oy P2—\2|2> ay (Pi +1) 


and hence, using (4.53), 
| a, (kK, ko pet; z)— a, (k,, ki, ps z)\< 


2 |\—1 
2—}|) < 


<CA+ [kk Opti (1+ 2 


<C(L+| kk OO) 1, 


This completes the proof. 


In all the estimates of this and the next Section we use only those proper - 
2 


ties ot the kernels (ke, ki‘, z—) which are Summed up in the last lemma, 


The primes on p, and 9 will be omitted, 

Let us now examine the behavior of the kernels Q) masks p; k',p’; z). The 
$-functions account for all the integrations in (6.2) when n=1, so that the 
kernels @@(k, p; &, p’; z) may be expressed explicitly by means of the 


2 
t(k., k., z—f). Such an expression for @%,, was given before in § 5 (cf, 
(5.1)), Here we start with the kernels @®, |. 

We take for example a=23,8B=31, y=12 and, in order to avoid encumber- 
ing the formulas, we omit the indices and denote temporarily the operator 
Q® 5,.1.2(z) by Q(z) and its kernel by @(k, p; &’, p’; z). Taking the integration 
variables in (6.2), with n=2 and 7,=23, y%,=31, y3;=12, as pl, pY—=q, p®, p®, 
we obtain the following expression for @(k, p; k’, p’; z) 


2 
Py 
Ok, ps ki, Ws =f to (bass 9 — GP Zt) x 
2 —1 
1 me 2 Py = 
x | slo ates +=] x 


my a ms ial 
X ty (p, m3 + my, q> Ps m3 + my, q; Zz x) x 


2 72 —l 
1 mo ) Pz | 
x E& (¢ i m,+m) Ps on sa x 


12 
m ’ ’ P3 
x te (4 geared Kies Zz = dq. 


Substituting here the expression (6.3) for ts and ft», we deduce that the 
kernel G(k, p; k’, p's z) isofthetype Qe». Wedenote itscomponentsby J, &, 
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and #. Now J (k, p; k&, p’; z) has the representation 


F ey vi Hy Bis 2)=[ tr (lem, a — aM Ps 2H) X 


Mm, + Mg 


1 2 Pi vs 
X | Gis (8+ ym Pt) Ge # 


a my eee. ms _ @ 
x (ee mg + m, q Ps ms + m, an # )+ 


em?) (Pa “age my 9) 
_ Py * “ing + m, 7) P31 \—P3 — “ms + m, 7 


2 = ae 


2 —1 
1 me \2 Ps met 
x Es (9 a m), + ms, Ps) = 2ng | x 


12 
hl gee ke pt dy (6.8) 


m, + me 2ng 


The corresponding expressions for §, 9, and # are obtained by replacing 


here respectively é,, by °u(9 + ps); fi, by 13 (—9 — poeta Pi)) and doing 
both simultaneously. 

The integral (6.8) consists of two terms, one of which contains in the 
integrand a product of two, and the other of three generally singular deno- 
minators, Some of these factors are singular in different parts of the do- 
main of integration. We have, for example, 


Laas (+ aterm) +H —2|-+[2 4-2 ]= 


“(hot ata hla 8) 
~ L2mg, P, mg -+ my q 2ne 31 2n? 


1 2 
= te (tae 7) +3, 2 1 (6.9) 


mg+my, 


We have applied here the formulas which relate the k-type and p-type 
variables (cf. §1). Similarly 


BS (9 7 my or pil +2 —2|+[2+9, |= 


1 ; 2 
=a (M+ a 9) +P 4. (6.10) 


We observe that the left-hand sides of (6.9) and (6.10) cannot vanish simul- 
taneously. 

If the variables p,, p, or g are sufficiently large, then the denominators 
in (6.8) are not singular. Thus let, for example, g?24M|z|+1. We then have 


pa mm VA =|4(2+2) p+ 
2mog q mM; + m3 P,) 2n, a 2 \mg my Pi 


: (Pi. 9) ; 1/1 hi ; 
= (er --\¢ 2|> 2 Amo 
Pgs) ee (6.11) 
4m, = 4m, . PF qa (Pi q ). : 
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It is evident from the derivation of this estimate that it is also valid when 
p?>4M|z|+1. It may be deduced similarly that if q?2>4M|z|+1 or 
Pp; > 4M|z|-+1, then 


2 


is (0+ tare +z 


2m. m, +m» n 


> ig (op: +1). (6.12) 


Finally, if 9g? >4M(|z|—-”)+1, where x?=max(x2), then 
2 e 1 2 
Jz+3,— 2 |> zy (1+ 9’). (6.13) 


Let uS now examine the properties of the numerator in the integrand of 
(6.8). All the functions appearing here are Hdlder functions with an index 
not less than the v of Lemma 6.1. The following may Serve as an estimating 
function for the numerators of both terms 


3y 
(1+-[z))?(1+|p,— pi) OPP (1+ |p, — gy x 


xX [1 +| P+ 9I+P, [af +(1+|9—p, [)-+)). (6.14) 


This is obvious for the first term, since the product of the estimating 
functions for each of the factors in the numerator 


» 13 
Lo ie] [re — op e+ [p,r orp) + fa — pil oe 


may be estimated by (6.14). In order to show that (6.14) is also an estima- 
ting function for the numerator of the second term, it is Sufficient to apply 
the elementary inequality 


(+k) Pde) <Ca+lk—k ly’ 
to estimate the product 


my ’ ms 
P 3) (p, + m3 + m, q) $31 (—p; m3 + my, 9) ’ 


appearing in this numerator. 
We turn to the estimation of the integral (6.8). Let y(g?) be a cutoff func- 
tion 
~ fl e@<4M|z}+1 
n)=| 0 g?>4M|z|+2; 


Ox<n(Q)<1; IW@I<C. 
We Split ¥ into the Sum 


F=(al@){---}dg+[[L—a@N--.}dg=Fi + Fs, 


We do not write here any of the arguments, and the dots in the braces stand 
for the whole integrand of (6.8). 

The estimation of the kernel ¥#, presents no difficulty. By (6.11)-(6.13) 
the denominators are nonSingular within the domain of integration, and we 
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have 
3y 


[F(k, ps Ky ws 2z)|<CA+I 2) (I+[p, pil) x 
x [lpi 9) (1g? + py) * (1 + |p, — 9 x 
x [1 +] py 9 Pg |) + (1 1g — py |) Ot] dg < 
3yv 
<C(L+]z/)° A +] p,— pif (1 + pi py X 
x Ke + q°)* (1+ | p, — g|)-O* [1 4 | py g p,, |) ot") + 
+ (1 +|q—p, |) 0+] dq. 
Here we applied the obvious inequality 
(1 + a? + x?) (1 + x? + Bb) 1 (1 +a?+ b*)71 (1+ x’). 
The integrals on the right-hand side have the form 
I(a, b)=| (1+ 9?) (1-4 lg — al)" (1 |g — b))-“dg. 
These integrals are shown in Appendix II to satisfy the estimate /(a, )): 
(a, |< C+ la), 6<2. (6.15) 
Thus we finally obtain for #, 


|\Fo(k, ps kK, ps 2S 
<C(1+-|2|)*(1 + |p, — pi |) OO (1 |p, OO (1 pe py), (6.16) 


where A= >. In the following sections we Shall constantly deal with esti- 
mating functions which increase aS a power Of jz| aS |z|-> oo. In all Such 
cases, we write in the corresponding expressions the factor (1+ |z/)*, without 
Specifying each time the value of A. 

The Holder differences of the kernel o(k, p; k’, p’'; z), withindex v, with 
respect to all the arguments, also satisfy the estimate (6.16). We finally 
conclude that the kernel ¥%.(k, p; k’, p’; z) is a Hédlder function of all its varia- 
bles with index v and the estimating function 


(1+ |z|) (1 |p, — pil OF (1 [ply OF (1 pe py). (6,17) 

Let uS now consider the kernel %,(k, p; k’, p'; z). The estimates for this 
kernel are considerably Simplified when p, or p, are Sufficiently large. Let, 

for example, p?>4Mj{z|+-1 and p,’<4M|z|+-1. Then the first denominator in 


(6.8) is nonsingular. The product of the other two denominators in the 
second term of (6.8) may be written in the form 


1 
1 12 m * 
2m3) (p; mg+ my) a) oe *31 
si aan eee ey eee Seoewnd (6,18) 
1 mo \2 Pg z+, — a 
ms (7+ m, + mg Ps) * 2n3 7 ' 


The first factor is uniformly bounded, We have thus reduced here the inte- 
gral (6.8) to a Sum of integrals with a Single denominator, i.e., to ordinary 
Singular integrals, 

As an eStimating function for thenumerator we may take 


(1+ 21)" (1 |p, — pi) OP (1 ayy. 
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This follows from (6.14) seeing that |g] has in the domain of integration a 


"sy ‘ ese 1 mos 7\2 
bound of the order (1-+|z|)". In the integrals containing Eze +—" Ps) + 


re | —il 
+35 — | , the integration variable may be changed by substituting 


— Me ’ 
fal erase Ps 


where |q'| is by definition bounded by a quantity of the order (1-+|z|)", like 
lq. By the lemma on Singular integrals, the kernel &# (k, p; k, p’; z) is for 
the p, and p, in question, a Hdlder function of all its arguments with an in- 
dex v that is less than but can be as close as desired to v, and having the 
estimating function 


(1+ [2/1 + |p, — pil) P+ [ay Pi). (6.19) 


The analogous statement for the case p?<4M|z|+1, p, >4M|z|+1is proved 
in exactly the same way, with (1+ pi)" in (6.19) being replaced by (1 + ps)”. 
The case p?>4M|z|+1 and P; > 4M|z|+-1 is even simpler. The estimating 


function is then (6.17). Note that if P; <4M |z|+1, then 
(1+ p23)? < C(1 + |z|) (1+ pp?) (1-- py} < C (1+ |z|) (1+ p?+ py) 
and similarly when p?< 4M|z|-+-1, 
(1-+ ps)" << C(1 + [z|) (1p? + py"), 


so that (6.17) is seen to be an estimating function for the kernel @, in all 
the three cases considered. 

It is more difficult to investigate the case when both variables p, and p, 
are small, or to be exact, when p?<4M|z|+-1 and. p,"<4M|z|+1. Then it is 
impossible to reduce the integral (6.8) to ordinary singular integrals, and 
we proceed as follows. We rewrite the denominator in the second term of 
(6.8) using the elementary identity 


ve 
a 


A 


1 1 1 1 1 i ( 5) 


Bb Ata A BB  AvaB ea ‘a (6.20) 


a B 
taking for A, a and B the first, second and third denominators. The second 
term here represents a sum of terms with a single singular denominator. 
In the first term we have a product of the Same two singular denominators 
as in the first term of (6.8). 

The following function may serve as the estimating function for the nu- 


merator ‘ ane 
(1+ |z2|)‘ (1+ |p, — pyly °™. (6.21) 


The integral of that part of the second term in (6.8) which corresponds to 
the Second term in (6.20), is a sum of ordinary singular integrals, and we 
deduce, by the lemma on Singular integrals, that this term contributes to #, 
a Hdlder function with the estimating function (6.21). 

The remaining contribution to #, is given by the integral 


1 m 2 i ae 
\ | ahslo ate) +pe| S(k, Ps kp; q; z)X 


2 —1 
1 My \2 P3 
“ee (q+ P:) eae dq, 
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where the numerator of the integrand is a Hiélder function with index v and 
the estimating function (6.21). This function falls off smoothly outside the 
Sphere g7=4M|z|+1. If we put 


me ‘ a eee Me a 
My + Mg Ps b= Mm, + me Ps; 


Pi iy 
telat ’ j= 2m, ze ’ 


then this integral assumes the form 


d 
I(a, b, &, ) =f pena ea (6.22) 
It is easily verified that under our conditions the variables a,6,&, q all 
range Over finite regions of the three-dimensional space and the complex 
plane I, such that a*, b?, |§|, |n| are estimated by C(1+-|z|) with some con- 
stant C. 

Integrals of the type (6.22) are studied in detail in Appendix III, where 
the following result is proved: 

Lemma 6.2. Let f(q) be a Hélder function with index » and such that 


fM=0, ¢gYBR>1. 
Then the integral I(a, b, §, y) may be represented in the form 


I(a, 6, §, n)=nla— bl? {7 (a, b, §&, n+ 


rdr 3 f(r — + b)Inf(r + |a—bIp—k]}, (6.23) 


la n 


where for a&<CR, b < CR IEI<CR, InI<CR, J (a, 5, §, n) is a Holder function 
+- and the estimating function 


of all its variables with index 
R* |a— b — OA\-* || fl,» (6,24) 


Here In(—z) stands for that branch of the logarithm which is single- 
valued on the plane II, slit along the positive real axis and which satisfies 


the condition 
Im In (—o?-+- (0) = —Im In (—o? — 10). 


We have also indicated by a+0A the point with the Cartesian coordinates 

a, +9,h,, a,+9,h,, a3-+-93h3, where a, ap, a3, h,, , hs are the Cartesian coordinates 
of the points a and A, and @,, 6, 6, are certain numbers, such that 0<6,<, 
i=1, 2,3. The function |a—b—O6h|-* may be only called an estimating func- 
tion with a certain qualification, since it is singular and depends explicitly 
on Ah. In this Section we shall allow such estimating functions, which pro- 
vides a short cut that spares us the trouble of writing out several estimates. 
To this end we agree to write simply {a+ 6A|-* whenever the estimating func- 
tion contains a product of several factors 


ja+6,A| " |a+6,h[-"... |a+-6,h]™, 
where the sum of exponents p,,..., p, does not exceed p. Further, |/f||, in 


(6.24) is defined as 
IF, = sup {I 4()+ Lf NESE) 
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We deduce from Lemma 6.2 that the contribution to the kernel ,(k, p; 
k’, p’; z) that contains secondary singularities is given by 


T i(k, ps ky p's 2) =| 


2 mo ,{—1 ‘ t / 
= Pi aa om [ro p; kK, p', z)+ 


mo +m: 


@ 12 
rdr 1 mo my P3 
—_—_—_.——- In (r+ = ye aa = | x 
aa \ 72 P; 2mj2 mo -+ m3 Py m,+ mo Ps 2n3 
+ z 


x J 1(k, P; kK, Ps z, r), 
where o7 ,(k, p; &, ps3 z, r) and 7 .2(k, p; k’, p’; z) are Hélder functions of their 


variables, with the indices v and + and the estimating functions (1+) 

mo mo 
my + ms re 
expressed as a product of’, (k,, k,, z) and the functions 9, (k,) with elaborate 
arguments, which we do not bother to write out. 

With this we conclude the investigation of the kernel ¢¥ (k, p; k’, p’; z). One 
may obtain estimates for the kernels ¥, ¥ and # from the estimates of ¥ 
by substituting in the corresponding estimating functions k,,—0; k,,=0; and 
simultaneously k,,=0 and k},=0, respectively. Any kernel @®, 
dealt with in the same way as @@ 4, ». 


We denote by Q{)(z) the sum of all the operators Q” | (z) with first and 


percey 


and (1+ z)* 


Ps etn respectively. The kernel ce, can be 


m,+my 


;, May be 


last indices fixed: y,—=a and Yn4,;=8, viz. , 
Q3 (= ae 2). 
yeees Yn—1 


Summation is carried out over the allowed values of 7,..., Yay. This sum 
consists, in the case n=2, of one term if a8, and of two terms if a=8. 
We have Seen on the example of @%,, ,. that the kernels @® possess the pro- 
perties summed up in the following lemma. 

Lemma 6.3. The kernels @®(k, p; k’, p'; z) ave of the type Q If 
p?>>4M|z|-+1 or p, >4M\z|+1, then the components JF %(k, p; ve ,P; z) of 
these kernels are Hélder functions of all their variables with Wiens v<v and 
have the estimating Junctions 


(1 diges |z|)“ (1+ IP, eae pyre p> (1 + |P,| ioe (1 + p+ py), ( 6.2 5) 


The components ¥%, I) and #2 possess similar properties, and their 
estimating functions are obtained from (6.25) by substituting there in turn 
k,=0; k,=0; and simultaneously, k,=0 and k,=0. These components have 
secondary singularities when p,<4M|z|--1 and p,<4M|z|--1. 

We next take up the kernels of the operators Q(z). Consider, say, the 
kernel of Q®,, 4, .(z). This kernel will be denoted by @®, and the one exa- 
mined above, by @®. The corresponding components will be correspond- 
ingly labelled. The kernel @® is of the type Q,.. Its component #(k, p; 
k', p'; z) has the following representation 


2 it 
A F P3\ 5 (p3 — ps3) 
FO(k, p; ky p'; y= in (is Kier Z 23) Re : 7 eae 
ip Winiacay 
2m 2n 
KR \FO(n"s bp’ 
SY ” (k", p"; k’, p’; ea dk'dp". (6.26) 
nes 
Z + ox an ny 
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We take pj=q and p, as integration variables. The integral with respect to 
the latter variable involves a 8-function and is directly evaluated. We 
Once again represent ¥® with the help of the step function 4(q9’) as a sum of 
two terms 


FO = [aq {.--}dg+ [[1—aQ@).--}dg= FP+ FY. 
The denominators in the integral of #® are not singular, and the nume- 
rator is a Hélder function with index vw <v and the estimating function 


(i + \P, = q\) or (1 + lq — pi or (1 ee lg+-p,|) o*” < 
<(1-+ |p, jy at [1 +1p, — 9 ye +-(1+\g+ po] 5 
x (+ |q— pyr. 


Using this fact, the estimate (6.15), and the definition of NM(k, p; 9%) we de- 
duce that the kernel ¥® is a Hdlder function of its variables with index vV<v 
and the estimating function 


(1+ |z|)* N(k, p; 9) (1+ p2+ py)’. (6.27) 


Let us now consider the kernel ¥®(k, p; k’, p'; z). The kernels ¥® and 
Y® in the integrand of (6.26) are Hélder functions when p; > 4M |z|-++-1. The 
Singular denominators in the second term of (6.26) may be written ina 
different way, as in (6.18). The following function may serve to estimate 
the numerator 


(1 -+-|z|)* (1 [py] OF (1 + [pgl) OT < (1+ [2/4 M(k, pr; %)s 


since |g| is of the order of (1-4 |z|)" within the domain of integration. We 
conclude from the lemma on Singular integrals that #® is in our case a 
Hélder function with index v’<v and the estimating function (6.27). 

For the case p?>4M|z|+-1 we must uSe another representation for 7® 
which is obtained by expressing this kernel in terms of the kernels # ,, ,,, 
I? 055, and fy, instead of fy, F@,,,, and ¥®@, ,, as in (6.26). The case in 
which both p?2>4M|z|+-1 and p, 24M{|z|+-1 is still simpler. We conclude that 
if p2>4M|z|+-1 or p; >4M|z|+1, then the kernel #® possesses the same 
properties as #®), 

Finally, if p?<4M|z|+-1 and p, <4M|z|+1, then #® has secondary singu- 
larities. We shall not describe them here in detail. 

Any component of any kernel ¥®\(k, p; k’, p’; z) may be investigated in the 
Same way as @W(k, p; k, p’; z). The result is summed up in the following 
lemma: 

Lemma 6.4. The kernels @® (k, p; k', p'; z) possess all the properties of the 
G2(k, p; k’, p’; z), as stated in Lemma 6.3, with the only exception that in- 
stead of (6.25) we now have for the estimating function 


(1+ |z\)° N(k, ps %){1 + p2-+ py). (6.28) 


It may be shown, by the same considerations which led from Lemma 
6.3 to Lemma 6.4, that a similar proposition holds for any kernel @@ with 
finite n. However, we can prove that from ra=4 onward the secondary 
Singularities appear no more for small p, and p,. 

Let us prove this assertion for, say, the kernel @® | with 7, = 23, 
Y2= 31, ¥3=12, y= 31, 7,= 23. It may be verified on the basis of the preceding 
discussion that the integral which may contribute secondary singularities 
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to this kernel has the form 
3 —il 
1 mo 2 Py 
ie (a+ My + mg Pi) + +f, x 


1 me % “ 
x[Gtattaeltm—-] x 


X 092) 0 (92) 0 (93) (k, Ps > P's Wy Yor U3 Z) X 
2 2 —) 
1 Mo qo 
x EE (45-+ = — a4] +#_,| x. 


2 2 —1 
| ; P 
x Pa fae —_ 5) Ss rae | dq,dq.dq3. (6.29) 


In the numerator stands a Hdlder function of all the variables, having the 
index v and the estimating function 


(1+ [z|)4(1 4 | pe— gn {OP (1 | gn py gg | O < 


<C(1+} z|)* [pi | (1 py | << 


<C(1+|z|)\N(k, p; %) (1+ p? + py). 
The factor (1+ pi+p,)* appears on the right-hand side of this estimate 
Since in our case p? and p, are of the order of 1+ |z| 


We may first integrate (6.29) with respect to q, and q; 


The resulting 
integrals have the form (6.22) 


. Applying Lemma 6.2 twice, we find that 
(6.29) becomes 
2 ee ! LAO a] LL) Se LL RY 
fn(g?)dq| m, + mo q My -+ M3 p,| m,+ Mo q mo + m3 P,| x 
x {Tuk Ps k’ Ps Z, gq) + i, x 
1 
—~ 2mj,; "2n, 7 
_— ee a +e—2|7 (k, psk',p'sq,2,s)-+ 
2m)» m, + ms q My + m3 Pi 2n; 01 »P; ?P5Q, ’ 
m2 Mo | g? oo 
DP P aan Se La (r+ m, + me : m2 + m3 P|) Ong z|x 
r 
re 2m i 
x Tioks ps bls qt + ot eae x 
—o — +5EO —~—o oe +5 z 
1 mo 2 g? 
In| a (s+ i a My + m3 Pi ) 4+ $o— 2]x 
1 mo mo » |\2 q? 
ss In{ ams (r+ ‘Mm, + my ae m, + my ) a Oy z | x 


x S wlk, ps kK, p's 2,9 S; rh, 


where the kernelS Vm, J, %o, and c7,, are Holder functions of their variab- 
les. Their estimating functions contain, beside the common factor 


(1-+-|z|)" N(k, p; 9,)(1- p?- pe), 
the common factor 


—_——e 


rears 


p,+9h| 
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and 
2 mo 
tees 7 ag +m, P 


= q— pr Oh|}*, 


= m3 


respectively. The last integrand is seen to possess removable Singularities, 
which disappear upon integration with respect to gq, which leaves us with 
ordinary singular integrals with reSpect to s and r, having Hélder functions 
in the integrand. 


The result is that there exists a certain index RZ. such that the 


integral (6.29) is a Hélder function of k, p, k’, p’, z having this index and the 
estimating function (6.28). The same analysis may be carried out for any 
kernel @ 

The kernels Ge) for n>4 may be successively reduced to ordinary sin- 
gular integrals, containing the kernels @? in their integrands. Secondary 
Singularities do not appear in the estimation of these integrals. 

Let us now State our main result. 

Theorem 6.1. Let the conditions Ag, By, R and C be fulfilled for the 
three potentials v,(k), 1=23, 31, 12. Then the kernels G3 \(k, p; k', p'; z) of the 
operators Q%(z) areofthetype Q,,; thecomponents J, J}, Hs) and # of 
these kernels are, for n>4, Holder functions with some index i: <— and 


have the estimating functions 
(1--]2|)°M(k, ps §)(1+- p+ py; 


(1 [z [1p |) ty, 
where 6 may be as close to & from below as we like. The index i, broadly 
speaking, decreases, while A increases with increasing n. 
We conclude this section with a proof of the statement that the compo- 


nents J), J, Fin) and #%' of any kernel Qt), n>1 have no Secondary singu- 


larities when z varies inthe neighborhood of the point z= oF Let us 
denote by # ay (ie; p; k’, p’; §) the kernel : 
12 
Ve ! ! n U t P 
Fig (k, ps kK’, P's p= 79( ps k’, p's; y+ 3 +t) 
and define Similarly the kernels Gn) rs e and His ’, Our contention is pre- 


cisely formulated in the following lemma. 

Lemma 6.5. Let |&|< $e, where #=min(x{) and Im’ 20 or Imt<0. Then 
the kernels J), G, FG and #%, are Holder functions of k, p, kK, p’ and t, 
with index Vv<yv. The EonrechonAine estimating function is uniformly 
bounded for arbitrary k,p,k, and for p, restricted to a finite region. 

Proof. Consider the case n=1. An explicit expression for @Y with 
a—23 and f=31 was given before, i.e., (5.1). It is evident from (5.1) that 


Secondary Singularities appear in the kernel #{),, when the expression 
(p,, Pa) Po 1 ( 1 Ne Pe 
an + —_ J = | 
i my TDs z 2m23 Pi mo+my P;) 2n zy 


vanishes, Setting 
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we obtain the last expression in the form 


en (p+ +71 p,) ed ek (6.30) 
If ee 1? then (6.30) does not vanish and hence the kernel ¥%),, is 
uniformly bounded. The Hdlder differences with index v of this kernel are 
also uniformly bounded if p, is restricted to a finite region. 

Any component of any kernel @®@ may be treated analogously. 

We have indicated, in the instance of the transition from the kernels @@ 
to the kernels @, all the steps required in order to construct the compo- 
nents of the kernel @ in terms of the components of @4-) and #,. It is 
obvious from this sia Wiple that no secondary singularities can arise in @® 
if there are none in @4-, In the present case the kernels @Y have no such 
Singularities, whence it follows, by induction, that there will also be none 
in @ for any ni21. Consequently, the components of these kernels are 
Hdlder functions of their variables with bounded estimating functions, which 
proves our lemma. 

This result will be applied in §11. 


§ 7. The operator A(z) 


This section is devoted to an investigation of the operator A(z) in the 
Banach space @(6, »p), introduced in §5. We shall show that A(z) is defined 
ona dense set in @(6,p), where p» is less than the v of Lemma 6.1, which 
set consists of functions belonging to G(6, p’), where p’ is any index p’>p. 
We shall further show that all the integral powers A”(z) of the operator A(z) 
are defined on @(6, p’), and that for n25 the operators A”(z) may be extended 
into completely continuous operators in @(6, p), if 6<6 and p< (6 anda 
were defined in §6). We shall finally study the homogeneous equation 
w-=A(z)w. The obtained results will serve as a basis for the discussion of 
the solvability of a second-kind equation with the operator A(z). 

We first examine the domain of A(z). Typical! integrals, to be estimated 
below, are of the form 


2 
a , Pp 8(p P;) t / / / 
fk, p, A= | ta( ba kis, ey ee se balk, pdk'dp's (7.1) 


Qn * 2a? 


2 $ __ 4 k cS m 
ho (k, Pp, a= (F 5 (eas Hi 2 kiss —#) P(r Py) P31 ( 31) $31 (Po 2) ak'dp y (7.2) 
m4 Le ew Pe 
2m 2n z+ *31 ~ =— 
ng 
Lemma 7.1. Let the function 
P31 (k, py = (1+ [kay \)° O31 (k, p) 
belong to the class MS, p’) and 4,,(p) to the class, NS, p’), where 
6+6< 1; 0<c hs wiv. 
Then for any z €ll_» the functions 


Fi(k, p)=(1+ | kos |) Se iz)) 3 bk p), i=1, 2, 
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belong to the class M8, p), where p ts smaller than and can be taken as 
close as desired to v',4<6, and 8,=min(, 8). 

Proof. Consider first f(k, p). We take kj, and p, as the integration 
variables. ‘The integral with respect to p, is removed due to the 6-function. 
The integral over k,, is estimated with the help of the lemma on Singular 
integrals (cf. §4). The integrals over angular variables are estimated by 
the methods applied in §4. Note that of the three terms in the estimating 
function N(k, p; 9), we only need consider two. Thus, for example, 


1+ | p|)~* (1 | pg |)? < CO (1+ | pet ps|)™ (1 | pel A (| |} = 
= C(1-- | py |" (1. +f pe|) 7 + | ps |} 
The numerator in (7.1) is thus estimated by the function 


, ; +6 ‘ 
(Le | py [OH | eg [> fe + | Pp, — P,| me )(1-+|p, Vien 


(1+ |p, — Pil) + |i} el 
Here we made use of the fact that for p,=p,, 
| kos — kag | =| P2 — P2| =| Ps — Po|- 
The first term in (7.3) may be written 
Mk, p; k’, p)=(1-+|p, | 0+" (1+ pap (1+-|k,, es x 
(1 | a, — py |“ ((1 + | pg | + + |r — PO}, 


and, expressing here p, and k,, interms of k,, and p,=p,, we obtain the 
following estimate for the integral of this term over the angular variables 


jd2,. M (k, p; Fk’, p') 


Pi=?, << 
<C (Lp, |) (1-7 | pg [O91 | egg Oe (1 | | yo), 


The second term is estimated similarly. We recall that the factor 
(1+-|z|)*” enters, in view of Lemma 6.1, in the estimating function of the 
2 
kernel #,, (des, es 4 -#}. We find, by the lemma on Singular integrals, that 
93 \ Koa, Ko: : 


Atk, p, z) isa Holder function of all its variables with index p<p’ and the 
estimating function 


2 


—$/2 
N(k, Bi O)(1 [ea OM a (+ eo (lf z|y"< 
ain 
<CN(k, pi AL] 21) * (L] key WO 8, = min, 8). (7.4) 


Consider now f,(k, p). We separate the singularities in the denominator 
of (7.2) as follows 


k Ee po = a Z _ Pp’ 
2m * Qn > 77 ™31~ Qno 
1 1 1 
(eg ae) — 
; bier | sa 2 Pe 
rae = 451 2m * 2n 2 , a ae) ia Ono 


The integral of the first term in (7.5) is estimated exactly as f(k, p, z). 
One should only keep in mind that the product 9.) (k3:)94:(p.) is estimated by 
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the function 
(1 | egy YO (1 [el PPS CN (K, ps 9)(1 + | Rs IO, 


i.e. , by the same function as p(k, p), where 3=0,—9. Therefore, the 
estimate of the contribution of this term to f,(k, p, z) coincides with (7.4), 
with 8,=min(6,—6, 9). 


2 


—} 
To estimate the integral with the denominator aa) , we take 
2 


p,and p, as the integration variables. The integral over the angular 
variables of p, is estimated as follows 


fd2,. (1+ |p,— |e + [py [ OH < 
<C(L-+ [gH + | haa + [| 


By the lemma on singular integrals, the contribution of the second term to 
i(k, p, z)is a Hdlder function with the estimating function 


N(k, p; 9)(1-+ | kes |) (1+ | z |), 


which is subordinate to the estimating function in (7.4). This completes the 
proof. 

Note that in the definition of the operator A(z) there also appear integrals 
of the type 


fs (k, P, =| Fae) Gee oa lk, p') dk'dp’; (7.6) 
2m * 2n ~? 
full, Py 2)= \ Fa En) pep ata did (7,7) 
3 


2m * 2n ~ * a hay 


The integrals (7.6) and (7.7) are estimated in the same way as (7.1) and (7.2), 
respectively. The estimating function for these integrals may be obtained 
from (7.4) by replacing the estimating function N{k, p; ®) on the right-hand 
side by (1-+| p,|)—-+®. 

The preceding results establish that the integral operator A(z) is de- 
fined in @(8, ») on a dense set, consisting of o€G(@, pv’), p’ >p, and that 


ee 
A(z) ll, , CCW] z])* oll, ws (7.8) 


A(z +4)— A(z), , SCM #1 Z|)? lolly yl AI (7.9) 


Incidentally, this result mayalso be derived with the help of rougher esti- 
mates than those of Lemma7.1. Namely, the not very essential factors (1+ |k;,|)* 
and (1-+| ks |)-“*-) may be left out in the condition and in the assertion. 

Using the estimates of Lemma 7.1 in their complete form, we can prove 

@,—8 


W A(z) ol, ~<CU+I 21) * lolly y- (7.10) 


Indeed, applying twice the operator A(z) to the element o€@G(6, p’), we 
obtain in the first step a factor of the type (1+|k|)~, and hence in the sec- 
ond step the factor (1+{z|)~~s, which furnishes the estimate (7.10). 
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We finally state that (7.8) holds good if A(z) is replaced on the left-hand 
side by any finite power A*(z). To see this we only need to apply (7.8) a 
times. 

We have thus arrived at the following result: 

Lemma 7.2. The operator A(z) for any z in I_.» is defined in B(6, p), 
6< 0, p<v ona dense set, consisting of the elements w of B(8, p’), p> p. 
Any finite power A*(z) is also defined on this set. If the indices § and » 
satisfy the conditions 


ee Sp PS <I, (7.11) 
2 w : 
then the ratio ie eelee becomes as small as desired when |z|> o. 
© Ile, pw 
The estimates derived in §6 for the kernels of the operators Q* | (z), 


enable us to say more about the powers A(z) for aZ25. Comparing the 
definitions (5,12), (5.13) of the operator A(z) and the operators Q” | (2), 
we conclude that the effect of the operation of A"*t'(z) may be expressed by 
means of the kernels OO) mma (k, p; k’, p’'; z) as follows: the transformation 

wo = A*t)(z)w is equivalent to 


# (,) 
p(k, p) =f S| +2 (ky ps Ks pis AID (ky Ps PL) x 
»T 
By in 


1 ?, ka) Ps) 1 Jot 
ar Py (k’, p’) ps GBA dk'dp’, (7,12) 
Im * tet se eae 
, coe G*) - ik! n’ We *) one Py (k) 
o.(P. =(> ay (P,3 P; z)+ ay (P.3 Pas 2 738 x 
; P 
Ba ae 
1 ! ? k; $ Pa f i 
x TR 2 : py (k’, ply + —Ze{e) C70) dk'dp’. (7.13) 
eal ae nen Pa 
2m * 2n 7s z+ %5 er al 


Here we have again written ¥™, 9”), 9M and # for the components of 
the kernel @%)(k, p; k’, p's z) of the operator Qi) (z) 
Q's (z) = -, a eC 
where Summation is carried out over all the allowed values of 7, ..., Yn-1. 
The changes of order of integration which are required in the derivation 
of (7.12) and (7.13) are permitted when Imz+0, since the integrals in ques- 
tion converge absolutely. For Imz—~0O these formulas follow from the con- 
tinuity in z of all the integrals involved. 
Using the estimates derived in § 5 for the kernels @(k, p; k’, p’'; z), and 
the lemma on singular integrals, we can prove the following assertion: 
Lemma 7.3. Let »€B(6, ») and 6<6, p<. Then the following estimates 
hold for any z in I1_,, and n2>5 


JA*(z) oly, <CU+[z1)4loly ys (7,14) 
[[A°(z +4) — A" (zo, C+ 1 z|foly 41% (7,15) 
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where »', # and 8 are any indices, such that 
wh <b BC E—yH, 
and A is some fixed number. 

We shall not carry out the proof in detail. The tools required for it are 
all at hand. We have to separate the singularities in the denominators of 
the integrals, choose Suitable integration variables, estimate the integrals 
over the angle variables of the corresponding estimating functions, and 
apply the lemma on Singular integrals. 

We now make use of the fact that a Sequence wo, which is uniformly 
bounded in @(@, p’), is compact in @(6, p) for any 6<#',»<p’. By Lemma 
7.3 we then have 

Lemma 7.4. The operator A"(z) may be extended from a dense set over 
the entire space @B(8, p), with 0<6, »<f, and the resulting operator is com- 
pletely continuous and depends continuously on z within any finite region of 
the complex plane Q_,,. 

Let us now turn to the homogeneous equation 


w= A(z) o. (7.16) 


Lemma 7.5, Let » bea solution of equation (7.16), where o€—€B(6,p), 
B<b pcp. Then vEB(, pv), ¥=—b—«e, p=f—e, e>0. 

The proof is based on the fact that the w which satisfies equation (7.16) 
will also solve the equation 


w = A” (z) , (7.17) 


Lemma 7.5 follows now from Lemma 7.3. 

Lemma 7.6. Let Imz~0. Then equation (7.16) has no nontrivial solu- 
tions in B(6, ») for any 0<6, p<. 

Proof. Let w bea solution of (7.16), belonging to @(®, p). If p,(k, p) and 
3,(p,) are the components of w, then by Lemma 7.5 p,(k, p)GM(b—e, f—e) 


and 9,(p,)EN(G—e, f—e). Since §> 1. it is evident that the functions 


X.(k, p; z) aSsociated with o,(k, p) and o,(p,) (cf. (5.10)) are square-integrable 
over the entire space, i.e., x(k, p)GH, and 


k2 2 = 
valk, P=(gr=F-—2) Xalk, ws ZED. 
Equation (7.16) may be written in terms of 9,(k, p) as 


$a==—Ro (2) T. (2) & 4, (7,18) 


W riting 
p(k, p)=Yo3(k, p)+-¥a (k, p) + Fiolk, p)- 


and multiplying (7.18) by E-+-R,(z)V,, we obtain, on account of (3.12), 


$.= —Ro(z)V.9 ta?) 
and after SummatiOn over a 
= —R, (z) (Vo3+ V5; + Vj.) 9. (7.20) 
Multiplying (7.20) by H,—zE, we find that » satisfies the equation 
Hy =z}, 
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which hasno nontrivial solutions for Imz=+0, since H is self-adjoint. Thus 
»=0, which in view of (7.19) entails $,=0, «23, 31, 12, and hence 

x.(k, p; z)==0. It finally follows by definition of A(z) that p,(k, p)=0 and 
6,(p,)=0, i.e., w=0. This completes the proof. 

Lemma 7.7. For sufficiently large |z| equation (7.16) has no nontrivial 
solutions. 

Proof. In view of Lemma 7.5 we may assume without loss of generality 
that ©€@G(0, »), where 6<6—e, »<fi—e, and the indices 6 and p» may be 
chosen to satisfy (7.11). We set n-=2N-+5 in (7.17) and apply the estimates 
(7.14) and (7.10), which gives 


+ {|Z 4 
Joh, .<C ——S* FP — lek, (7.21) 
Laie : | 


The indices @ and » are chosen so that ys —p==8>0. Let us take N= 
= [+ |+1. The coefficient of Jo}, , on the right-hand side of (7.21) becomes 


arbitrarily Small for sufficiently large |z] and hence o=0. This completes 
the proof. 

Let ®* denote the set of real points A for which equation (7.16) with 
z==i-+i0 has a nontrivial solution, and ® the analogous set with z=’— 0. 
The points of ®* and ® will be called the singular points of the operator 
A(z). 

Lemma 7.8. The set ®* is closed. 


Proof. Let {i,}, n=1, 2,... be an infinite sequence of Singular points 
belonging to ®*, which converges to the point 4. We denote by w, the solu- 
tions of equation (7.16) with z=i),+/0, normalized by the condition 


lel, .= 1; 
where 6,» Satisfy 6<6 p<. 
Consider the sequence 
6, = A” ()-+- 10) Wry 


for N25. In virtue of the complete continuity of the operator A” (i910), it 
is possible to pick out from {6,} a convergent subSequence; let its limit 
element be w). Since we Shall only have to deal with this subSequence, we 
reserve the Symbols {6,} and {o,} for it and for the corresponding subse- 
quence of wo,. Equation (7.17), which is satisfied by o, with z=4,-+-/0, 
Shows that we may write 


w, == 6, -+ [A (2, -+ 10) — A” (4) + 10)] ©, 
The continuity of A(z) in z implies that the o, alSo converge to wo. We may 
therefore pass to the limit in the equation 
wo, = A(A, + 10) 4, 


and find that o iS a nontrivial Solution of (7.16) with z= ),+-/0, that is, 
460%, which proves the lemma. 

Lemma 7.9. Let »¢® and let w be a solution of (7.16) with z=}--i0 
and p,(k, p) and 3,(p,) the components of the element wo. Then 


a i as ‘ 2 2 
[1 xes(k, p)+-Xerlky p)+ Lik, p)|?3(5—--+--F-—) dkdp =0; (7,22) 


o1 


3 
[lo(p.)1?8 (250% 3) dp,=0; «=23, 31, 12. (7.23) 
The function 


Lak, p)=Pa(k, p)-+ Me Gedee(Pe) | (7.24) 
Im, +s 


is the one obtained from yx, (k, p; z) on setting ze +e, 
The proof resembles that of Lemma 4.7 but is rather more involved. 
We construct from p,(k, p) and o,(p,) the functions 


x(k, p; h-ie)=p, (k, p)- — Pa Es) 2a (Pe) (7.25) 
heists?—o* 
ne 


and consider the functions 
2 


ee 
Kalk, Pp; at (k., k., tee =) x 


x Sx (&, ps i+ ie) dk'dp’. (7.26) 
These %,(k, p; ©) may be paecceenied inthe form (7.25), with p,(k, p; ©) and 
o,(p,; ) aS the components of the element o(e). Thus (7.26) becomes 
w (e) = A(\-+ fe) o = 0 -+-[A (A+ fe) — A(A-+10)] o, 
and now it follows from Lemma 7.2 that for e>+-+-0 
Jo(@)—oh, , =o), 


where @,p Satisfy 0<6, p<ii. 
If e540, then the functions x,(k, p; \-+- te) and 3,(k, p; ©) are Square-inte- 
grable over the entire Space, and (7.26) may be written as 


Xq=—T, (h+ fe) Ry (A+-se) & y,. (7.27) 
Ba 


f) 


Here y, and y, are elements of , defined by the functions %,(k, p; «) and 
X,(k, p; ie), respectively. 
Multiplying (7.27) by E+ V,R,(A-+ ie) and applying (3.12), we obtain 


Ra = —VaRo (i + it) 2 — WeRo(h + ie) 2 Xp (7.28) 


Scalar multiplication of (7.28) on the left and right, first by R,(A-+ie)%,, and 
then again by R,(A-+ ie) X,- gives, after combining the results and in view 
of the symmetry of the operators V, and 9, 


([Ro (ht) — Ro (\— ie) Zap Ka) + (Ro (A+ #2) 2B Xp Za) — 
— (Ker Ro(h- ie) 3 x,)=0. (7.29) 
Ba 


Let us consider one typical integral which contributes to the second and 
third terms of (7.29): 


ee Seen K,) 0 
| cakes pie) —tatedea(ear | deg ed 8) | he, 
heietxi—z— no Dp ee h—ietat—gt 


8 


D2 


a8, and the integral depends continuously on p,(k, p) and o,(p,) in our 
Holder metric. 


Therefore, for e—0, p,(k, p; «) and o,(p,; e) are respectively 
given by p,(k, p) and o,(p,) up to o(1). 


Returning to (7.29), we obtain 
((R, (4 +e) — Ry (4 — #2], 2.) (Ry (K+ te) DB xy, %) — 
— (Ro(k — #2) x, 2 %)=0(0), 


and adding up these equalities for all a, we get 


All the singularities of the denominators in the integrand disappear when 


i ((Ry (+ fe) —Ro(h— te) fay Xa) 


+ 2 ([R, (A + fe) — Ry (A — ie) y,, X,) = 0(1) 
ap 


(7.30) 
Consider now the transition to the limit for e-0O in each of the terms on 
the left-hand side of (7.30) 


We have here integrals of the type 


tam {rte p)+- ——fe\Sa) Sa (Pa) _ _ Palka) Sa (Po) | 


pe 
he ie +02 — 5 


P 
h— ie + x3 — e 


1 a (Ks) &3 (Pp) 
| ee p,(k, py) ete) ave dkdp 
dn +o, —~*— fe Im * 9, —~A+ie 


braces 


Let us write the singular denominators ina different way. The greatest 
number of singularities appears in the product of the second terms in the 


We represent this product in the form 


o 1 1 1 1 _ 
f ee k pe a 
ha ie+ai— 9 Oa og NN Og og jer nk—ae 

= 1 1 
= 2ie Be E2 
= +%, - 


1 
p? . a 
L+ tet xa— a in On 
a ee ea ey (7.31) 
Pp sala olay er Pa 
A— fe +n? — = 2m * 2n a ee 
8 2n, 


For a=48 we may take p, and p, as the integration variables, and for 
e->0 the only nonvanishing contribution comes from the product of the singular 
_ 2 2 —1 . 
denominators (F-+5-—r—ie) and (= +7 —i-+ie) in (7.31). We obtain 


ki) Sq (Pa 2i 
| \ . (k, p) + *% o P : ( - 


x 
k2 pe 2 
aoe | am On —1) ae 
a a ee Pa (k,) a) (Pg) 
x ia ee 


dkdp + 0(1)= 
Aa | p+ o(1) 


m 
Ae ae at ee A 2 
= 2ni | x. (k, p)X, (k, p)3(5— +5 —2)dkdp+0(1) 
In the case a=8, we take k, and p, as integration variables 


. Then for 
e-»>0 the only nonvanishing contribution comes from the product of the 
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2\-—1 
denominators (a Fiera 2) in (7.31). The result is 


Iug= Dei [| Zalky p)|?8(g--+ 5 —2) dledp + 


k 2i 
x (eos aa yt dk, dp, + 0(1). 
(fe-=-1 + e2 


(e+ 2n, 


Integration with respect to in the Second term gives 1, Since 


2 


9, (k,) = ( = 


wn 


where the », are eigenfunctions of h-type operators, normalized to unity. 
We finally obtain 


I,,= 2ni | [| Zak, p)|?8(s- -+-- 5 —d) dkdp + 


+ fletpolts (—e = ) dp, } +0). 


We have not distinguished in the above calculations between o,(k, p), o,(p,) 
and p(k, p; ©), 9,(p,; «), as this introduces an error of the order o(1) when «> 0. 
We may now write (7.30) in the form 


. = oe = k2 2 
Qi {fl xaslky p) Fa (ky P)rKiolk, p)!?8(35 + Fe — ) dkedp + 


+ SJle.@ait8( t+ : 


Since all the terms on the left-hand side of (7.32) are positive and independ - 
ent of e, they must vanish individually. 

This completes the proof. 

Lemma 7.10. Let », , p(k, p) and o,(p,) be the same as in Lemma 7.9. 


Then there exists a b >> such that 


—1) dp, }=0 (», (7.32) 


|p, (kK, +A, Pu) — Pa (Kas PII CAI"; (7.33) 


1a. (p, +1) —9,(p,)| < CL; (7.34) 


Proof. The eStimate (7.33) follows from the fact that p,(k, p) depends on 

2 
Pa 
2n, 
function of k,. To obtain the estimate (7.34), consider the expression for 
o,(p,), which follows from (7.17) for n=2. In o(p,) we encounter integrals 
of the type 


k, only by way of the kernel t(k,, a } which is a sufficiently smooth 


2 
Pe eee cots PE | ge 
P23 Pa ng mg Pt) #1 \ Pl © ng + am, Par *31* 2— Ono | Log lk dk'dp’ 


é& me y = (= Pp 
Baa Pi aa as Pi} © Qn, 21 7)\ 2m + On —? 

(z = d-+10). 
2 


If h-- gt <0, thenthe denominator which contains p, iS nonsingular. The 
1 


numerator depends on p, through sufficiently smooth functions. The proof 
follows. 


4 


Lemma 7.11. Let .E®*, while 1%—x, a= 23, 31,12. Then i is a dis- 
crete eigenvalue of Hl. 

Proof. Let w be a nontrivial solution of (7.16) with z=A+##0, and p(k, p), 
3.(p.)— its components. 

Consider the function 


$(k, ps &)= =a— BE ~~ Sn, pe — $s {Ee} se fPe) . (7,35) 
Om * Qn hE oe 


We will show that if As4—x?, a=23, 31, 12, then $(k, p; e)ED for anye DO, 
i.e. , |p] and (1-+-k*+ p’)/>| are Square-integrable over the entire space, 
uniformly in e. The main difficulty arises in the estimation of the integral 
of |y[? over a finite region. If 


22 4M(|A | +2) +1, «= 23, 31, 12, 
then the denominators in (7.35) are nonsingular and 4 satisfies the estimate 
bk, ps e)|<CN(k, p; (1+ k? + p?y, (7,36) 
where @ may be taken >> , which implies 
fae piece ps #)(*dkdp <0. 
Le 
Here Q, designates the infinite domain in which the following three candi- 
tions are Simultaneously fulfilled 
22 4M (|A|+-2)+1; D1; 2=—23, 31, 12. 


We represent ¢(k, p; «) in the finite domain F,—Q,, where &, is the entire 
Six-dimensional Space, in the form 


1 a (Kq) Se (Py 
bk, BP; I= a De p)+ tel 2 Poh, 
On ns ee Ea? 
ee Pa (Ka) (Ka) Sq (Pa) ; = by Yog Pay Pie 
Pa 


tnt % 2h + ie + 23 — 


Me 2Nng 


and estimate each term separately. The dependence of » on k, and p, is 
factorized, and we only have to prove the Square-integrability of the second 
factor which depends on p,. This essentially amounts to estimating the 
integral in the neighborhood of the denominator Singularity. This singularity 
does not arise if A<—? and all the functions are then bounded, and hence 
Square-integrable, uniformiy in e. In caSe }\>>—x?, we make uSe of the 
property (7.23) and subtract from o,(p,) in the numerator its vanishing 

2 


Pa 


value for 
ane 


=h+?; we then have 


ca (Pe) — 26 (7227 V2na(h + *2) )| 


3, (Pa) = 
2—_|= : < 
hist ag — 97 fee ree 
<C : 
= 2 [l—p ’ 
eae 
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3 
where p >>, by Lemma (7.11), since 1— 3+ <0 in the neighborhood of the 


denominator Singularity. We deduce from this estimate that 


a (Pa) 
\ - Li 2 dp. 
h+ie+ x? — = 
p> ’ 
Ine —A—e* 14 
f dt 
22—1 
<¢ |e sels (7,37) 
p? 
Here we have passed to the new variable 5-—iA—xi=#. All the functions 
2 
are uniformly bounded in the region ae ae x2) > 4. It follows that the 


function », 1S Square-integrable, uniformly in e, over a finite region. 
Consider now the term 4, aSSuming for a Start that 4>0. The main 
difficulty arises in the estimation of the integral of 4% over the neighborhood 
2 BU tees - i 
of the surface at which the denominator (5+ F —i—#) is Singular. We 
m n 


take for this neighborhood the region @, defined by 


k2 p2 
+F-—il<a, 


2m 2n 


The following additional conditions define four subregions of @): 


ix) 


9: 7° >); «23, 31, 12. 


a° 2n, 


The subregions 2, and @, generally overlap; they clearly cover the entire 


region Q,. 
We will now show that the singular denominator (s+ —1—ie) is 


Square-integrable over any Subregion 2. Taking k&, and p, as the integra- 
tion variables, we obtain 


1 1 
\ dkdp js, 73 SN \ ad IE ae S 


p2 er 
w+ Hh WA ie 
2m = 2n om, One 


2a 


x2ydxrdy My 
<c | Gc cial’. 
w+y'<4 
kK? 2 
We have here made the substitution a7 = * 5. —ih=y’, Noting now that the 


numerator of the function $9(k, p; ¢) is uniformly bounded, we obtain 


[19k ps )[Pdkdp< CA)". (7. 38) 
2 


Consider now the integral over the subregion ®, Using the property 


06 


(7.22) of the function in the numerator of $(k, p; ¢), we obtain 


1 
{iwi p; &)|*dkdpxC ee 


: S| oe On 


Pa(k, P)— Pa (\V/2m,(2— 2+) TOE es) 


«S| 


a ee 
| oq (Pa) |? Pi ke ° 

Ra ke : 2 Pa (ka) — Pa 2m, (,— fr) rte dkdp. 
me 7 


We have subtracted here the vanishing value of the numerator for 
2 . RP 2 
fi Feed, ie., for [=a , o=23, 31, 12. 
We estimate each term Separately, taking k, and p, as the integration 
variables in the corresponding integrals. The functions in the numerator 
are smooth functions of k, (the precise statement of this fact is contained 


in Lemma 7.10). We therefore have 


— y | 
Ji gore, P; Q\tdkdp<C | xtdxudy SESE =r S CAI", (7.39) 
2 
where we passed to the new variables =", \— z= in each term. 
Combining (7.38) and (7.39), 
[1 ¥o(ks ps @)|@dkedp <C(\A| +] 4|"). (7.40) 
24 
The integral of |%(k, p; «)|? over the remaining part of the finite region is 
uniformly bounded in view of the boundedness of all the functions. 
Let now 4=0. We will show that (F-+ 2 +i) - is square-integrable in 
the neighborhood of the origin. We have 


1 1 
k? — re Iva yl<ad 
2m 


5 >. +5. 
+ F-|<4 2m ~ 2n 
nr 


. A k2 a 2. p? meee, 2 
where we have again Substituted Im X33 gy 


Finally, when 1<0 the denominator (j—-+ % ——ie) | is nonsingular, so 
that $%(k, p; ©) 1S Square-integrable in this case as well. We have thereby 
proved that 


| lbo(k, p; ©)|?dkdp<C. 


| Eg— 2a! 


But in the region £,—®&, 
1+ p+krR<C. 


This completes the proof that $(k, p; e)E®. 
We Shall now show that ¢(k, p; 0) satisfies the equation 


Hy =). (7.42) 


To this end we multiply the relation (7.28) by a smooth finite function f(k, p) 
and integrate with respect to k and p. For e—0Q this gives, up to o(l), 


(f, Xa (€) + VaRo (0 + fe) 31%, (6) = 0 (1). (7.43) 


o7 


Here, in contrast to (7.28), we explicitly indicate the dependence of yx, on 
e. Note that 


Ry (i+ i) Dx, (0) = 9 (0). 


Summing (7.43) over a, we get 
(Ho + Vos+ Vai +Vie— AVF, ¥(e))=o(1), (7.44) 


where the functions /, Hf, V.4, <=23, 31, 12, may be assumed to belong to 
the class MM(6, »). We now observe that for any /(k, p)EM(6, +) 


(f, 9)=(% 9(0))+ O()). (7.45) 


Indeed, recalling the definition (7.35) of v(k, p; ©), we find that on the left-hand 
side of (7.45) there appear Several Singular integrals, the numerators of 
whose integrands are continuous in the Hélder sense. We may thus pass to 
tne limit in (7.44) and obtain 


(7, (H — XE) $(0))=0, 


which implies (7.42) on account of the arbitrariness of f. 
Let us now show that 940. If p(k, p; 0)=0, then (7.43) gives 


[Ake p)xalky ps rie) dkdp = 0(1) 


for any Smooth function f(k, p), and it follows from the equation which re- 
lates p,(k, p), 9,(p,) and y,(k, p; 44-10) that o,(k, p) and s,(p,) both vanish, i.e. , 
w=0, which contradicts our asSumption. 

Thus, we have shown that if 1¢@* and A —x2, a= 23, 31, 12, then equation 
(7.42) possesses a nontrivial solution »€9, i.e., A is a discrete eigenvalue 
of the operator H. 

This completes the proof. 


One consequence of Lemma 7.11 is that the set ®* is denumerable. 
2 


Lemma 7.12, Only the points —x7, «=23, 31, 12 may be limit points of 
the set o™, 

Proof. We assume the oppoSite, and let i), \,A—, a= 23, 31, 12, bea 
limit point of ®*’, Consider a Sequence of points i,, and the associated 
sequence of solutions of (7.16) with z=4i,-+-10, constructed in the proof of 
Lemma 7.8, and Such that for no, h,~d, and the w, converge strongly to 
the element »,, which is itSelf a solution of (7.16) for z=),+-i0, and 
are normalized 


J’.h,=1, 2=0, 1, 2, .-., (7.46) 


where 06, » Satisfy 9<6 and p<fi. The A, may obviously be considered to 
lie in an interval which does not contain the points —x?, a=23, 31, 12. We 
construct from the components p(k, p) and o”)(p,) of the elements o, the 
functions 9,(k, p), exactly as in the proof of Lemma 7.11, These functions 
belong, by that lemma, to 9, are eigenfunctions of the operator H with 
eigenvalues i,, and hence must be orthogonal: 


(Yor $n) =| Yo (kes P) Pn (Ky p) dkedp =0. (7.47) 


We may pass to the limit in (7.47) for no. To show this we divide the 
domain of integration into the infinite region &,, the neighborhood of the 
Singularities of the denominators Q,, and the remaining region 2. Bya 
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suitable choice of ®, the integral over it may be made as small as desired, 
uniformly in n, Since in this domain all the functions 4,(k, p) satisfy condi- 


tion (7.36) for a>>. The integral over Q, may also be made arbitrarily 


small by applying estimates of the type (7.37), (7.40) and (7.41). Finally, 
the integral over 2 approaches a limit when n~o, since the functions in 
the numerator of 9,(k, p) converge uniformly, and the denominators are 
uniformly bounded. 

We conclude that (, %)—0, which implies that »=0, which contradicts 
(7.46) for n=0. Thus, the point \,~—?2, «= 23, 31, 12 cannot be a limit 
point of the set ®, This completes the proof. 

Everything said with regard to the set ®*, beginning with Lemma 7.8, 
holds equally for the set ®—), Let us denote by ® the union of &™ and &-, 

The foregoing results are Summed up in the following. 

Theorem 7.1. Let the conditions stated at the beginning of § 5 be ful- 
filled. Then, for all z in the complex plane Uw», the operator A(z) and all 
its powers are defined in B(6, p), where 6<6, p< fi, on a dense set con- 
sisting of the elements w€S%(6, wv), p>». For n>5 the operator A*(z) may 
be extended over the entire B(8, ») to a completely continuous operator with 
a smooth dependence on z. The set ® ofall points z, for which the homo- 
geneous equation (7.16) admits a nontrivial solution, lies ina finite inter- 
val on the veal axis, is denumevable, closed, and may have as its limit 
points only the points —, a=23, 31, 12. All the points of ©, except pos- 
sibly the limit points, belong to the discrete spectrum of the operator H. 

We shall now make use of the following general proposition. 

Let the operator A, defined in the Banach space & on the dense domain 
Q(A), be such that (i) all its powers A’,n=1, 2, ... are defined on D(A); 

(ti) for n>N, where N is some fixed number, the A* may be extended over 
the entire space B into completely continuous operators; (iii) the equation 


w — Aw 
has no nontrivial solutions in D(A). Then, if o,€D(A), the equation 
w = w+ Aw 


possesses a unique Solution w€8. 

This proposition follows for bounded A from a known theorem of 5. M. 
Nikol'skii /8/. Our more general proposition may be proved almost exactly as 
this last theorem, the proofof which may be found, forexample, in /9/or/10/. 

Let us denote by II'_, the complex plane Il_,, punctured by excluding the 
neighborhoods of the points of ®, Theorem 7.1 and the above proposition 
then give 

Theorem 7.2. Let the conditions of Theorem 7.1 be fulfilled, and let 
wy &B(9, p). Then the equation 


w (z) = 0) + A(z) o(z) 


has for all z in II_,, a unique solution »(z)EB(e,, »,), where %, < min (6, 9), 
Py < min (fi, p) and 
lo(z)h,  <C(z), 


Jo(z4+-4)—o(z)h , SC(zplal, S<A—w,. 


The constants C(\z|) do not increase faster than a fixed power of |z| when 
|z|— oo. 
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§ 8. Expansion theorem for the eigenfunctions of h 


It was assumed in § 4 that the discrete spectrum of the operator h con- 
sists of a single, negative and nondegenerate eigenvalue. In this Section we 
shall describe the continuous Spectrum of h. 

We split h into the sum 


h—h;+h,, (8.1) 


where h, is the one-dimensional operator 


haf (k)=— (Ff, 9) 9 (&), (8.2) 


which constitutes the invariant part of h in the subspace spanned by its 
discrete eigenfunction Spectrum. The following theorem, which will be 
proved in this section, makes a rigorous statement concerning the continuous 
Spectrum. 

Theorem 8.1. The operator h,, considered in the subspace §, which is 
orthogonal to the eigenelement (k), is unitarily equivalent to the operator 
h,, 7.e., there exists an isometric operator w such that the following rela- 


tions are valid 
u‘u=e; uu*"—e—p; hu—uh, (8.3) 


where p is the projection operator upon the element 4. 
Below we Shall construct explicitly an operator u which satisfies rela- 
tions (8.3), and thereby prove Theorem 8.1. 


Let db, be a set of Smooth and finite functions f(k) which is dense in bh. 
The integral 


; (i. K+ is} 
(ks ey es = | 422 —* pena (8.4) 
aa ae 


is meaningful for any /(k)€@d. 


Lemma 8.1. Let f(k)Ebd. Then g(k; &, %; f) satisfies the following 
estimates 


leks ey es ALK CU + |e) Ors 
le (ks %, 3 A— 8 (Ks ey, 8s A/C +R” | 


ct v 
—e lh —e [Pp 
e e, | +-|e, e, | i} 


uniformly in «,, &, &, &, if both e«, and «, and also e, and «, are either non- 
negative or nonpoSsitive. 


The proof follows by the estimates (4.34) and the lemma on Singular 
integrals. 
It follows from Lemma 8,1 that one may consider on b, the operator 


k(e,, &)S(k) = 9 (k; &, &; Sf), (8.5) 


acting in b, with k(e,, «,) continuous on b, with respect to e, and e, each 
varying independently within the interval [-1,0] or [0, 1]. We now introduce 
the following operators 


u'+) — e—k(—0, —0); uo) =e —k(+0, +0). (8.6) 
Lemma 8.2, The operators a and w- are isometric, i.e., 


nih*,g* =e; al )*g!-) =e. ( 8.7 ) 
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Proof. We apply the identity (2.17) in the following form 


t(k, k’, Z1) —; k’ 1 22) __ q, ee k’ t(G, k', 22) 4 (8 8) 
22 — 21 2 21 fs o 
2 
Setting here 
ke ‘i 
z2,>> i yaaa oe Zo 2 +16, 
so that 
ke k : 
Re ee tog ae 


we multiply (8.8) by f(K)f'(k), where f€d, and f/Eb,, and integrate with 
respect to k and k’. The integrals converge absolutely for e0, so that 


the order of integration is immaterial. By the symmetry property of the 
kernel ¢t(k, &’, z) (cf. (2.15) ) 


t(k, k', z)=t(k, k, 2) (8.9) 
and the definitions (8.4), (8.5), the result may be written in the form 


(F(e, 2e)f, A) +(f, k(e, 2c) /)=(kee, e)/, k(e, &)/’). (8.10) 


PasSing to the limit for e>+0, or e>—0, we obtain in terms of the 
operators wO and ua 


(asf, wf) =(f, f’). une 


It follows from (8.11) that the operators u® are bounded and may therefore 
be extended by closure over the entire Space b, while (8.11) remains valid. 
This completes the proof. 


Lemma 8.3. Let Im z40. Then 


r(z) a = ur, (z). (8.12) 
Proof. We apply again the identity (8.8), Setting there z,—z and 
kr 
2, => , so that . 
2,—Z= 97 zeke. 


We multiply both sides of (8.8) by f(K)€d, and integrate with respect to &, 
writing the denominator in the Second term on the left-hand side of (8.8) as 


follows 
1 J k? ) 1 1 
SS > + ( te Ae ee ag eT age ee 
k’ k2 k’ 2m k2 k’ k 
7 ee a 2m 2m ons One Im Om ee 


The reSult may be written, uSing the notations introduced above, as 
t(z) r,(z — ie) f+k(e, ¢)f— (hy — ze) k (e, ¢) ry (z — te) f= 
=t(z)ro(z)k€, of 


Multiplying both sides by r,(z), adding to them r,(z)f and rearranging terms, 
we obtain 


[rq (z)— 9 (z) t(z) 49 (z — te) f — [Fo (z) — ry (z) t(z) ro (zk (e, &) f= 
=[ro(z) —k(e, ¢)ry(z — rey] f. (8.13) 


PasSing to the limit for «> =+0, and making uSe of the expression (2.10) 
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for r(z) in terms of t(z), and of definition (8.6), we write (8.13) as 
r(z) a f= ay, (z) f. (8.14) 


Since b, is dense in § and all the operators in (8.14) are bounded, this 
equality holds for any f€$. This proves the lemma. 


Corollary. The following relation holds for any bounded function 9(x), 
—ocx<o@ 
p (b) a’) = als (no). (8.15) 


Observe that if we formally consider the ''kernels" of the operators a 
and write (8.15) in terms of these kernels for the case 9(x)=-x, we get 


k2 


2m 


(0)? 
ut) (k, kK) +f o(k—k) ut) (k’, KO) dk! = — w (k, k), 


The kernels uf (k, k®), which may be regarded as the generalized func- 


tions ae 
t ( KO, r~ =i) 
=p oe (8.16) 


2m (am 


ult) (k, k) = 8 (ke — kM) — 


are seen to be eigenfunctions of the continuous spectrum of h. Relation 
(8.7) may be called the orthogonality condition for these functions. In con- 
figuration representation, i.e. , after a Fourier transformation with respect 
to the variable k, the functions uf)(k, k®) become the ordinary functions 

y+) (x, k®) which satisfy the equation 

p00)? 
2m 


— VY (x, LO) +-o(x) 9) (x, kO)— K— p(x, £0) 


and behave asymptotically for large |x| as 


YD (x, kK —exp {i(x, k)) fe (a, Ko) exp eile Le} . 


where 


fi) (~~ , kO)—Iam2nt ({kO| =, kO &” 10 . 
jx|’ |x] ’ > 2m 


The operators u) are thus closely related to the solutions of the sta- 
tionary scattering problem for the operator h. 

It is easily verified that the kernels uf)(k, k™) may also be obtained by 
another procedure, mentioned in the introduction, Namely, taking the con- 


volution of the kernel of the resolvent r(z) with an eigenfunction of hb, i.e. , 
(07 
2m ’ 


8(k—k), and calculating the residue at z= we obtain 


; (0) ue 
lim — fe | r (k, k’, 5 + ie) 8 (k’— k) dk’ = lim — fer (k, k(0) : + ie) = 


2->+0 +40 2m 
— ied(k — & 1 RO" ..\ —ie 
“ae | ee ee TE oe eS I 
(Qn On‘ On am 
Ef? 
t (., KO), om +10) 
ee | eae) 2) meee ne 


k2 KO)" ‘ 


Im ~ Im ~i0 


which is again (8.16). Here we have used the following expression for 
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the kernel of r(z) 
__ 6(k—F) 1 


r(k, kK, z)= = : 


t(k, k, z 
Dea age nae 
2m 2m a 


which is simply (2.10) written in terms of the kernels of the corresponding 
operators, It must be stressed that all this is only heuristic reasoning, 

We now go on to prove the completeness of these eigenfunctions, For 
this we need to relate the operators uw with the spectral function of h, 
which is naturally done by applying the well-known relation between the re- 
solvent and the spectral function of a self-adjoint operator, Denoting the 
Spectral function of h by e(A), we have 


J 4 Q)4, A= aay lim | (HO+#)—r 0 —ie)]f, fad. (8,17) 


Let us introduce a convenient representation for the integrand on the 
right-hand side. Expressing the right-hand side of the Hilbert identity 
r (A+ fe) — r(A — fe) = ier (A — ie) r (A+) 
in terms of rofz) and t(z), we obtain 
r (A -+ ic) — r (A — ie) = [e — ry (A — ie) t (A — ie)] X 
x [x9 (A+ ie) — ry (A — fe) [e — t (A + ie) ro (A+ e)]. (8.18) 


Lemma 8,4. Let f€d. Then 


rts 3 N= —| Sr sod (8,19) 
2m”? 


satisfies the estimates 
leks 23 AIS C+ 1k) O™ 
[g(k+ h; z+4; fy—g(ksz3Al< 


KCl ky Or [A Pal a; p< = 


for any z€ih, excluding the neighborhood of the point z=—x*. 

The proof follows from the estimates (4.33), (4.34) and the lemma on 
Singular integrals, 

Lemma 8.5. Let f(k)Ed and f'(k)Ed. Then (ef, f#') ts continuously 
differentiable with respect to » for »}>0, and 


(eQ)s, f= 


kz ; ke ; ; k2 
=[e(k Fe 10; fa (k, a = 10; f')3 (5——d) dk. (8.20) 
The proof follows by passing to the limit for e+ =U in the formula 
([r (A + fe) —r(k — ie) f, f= 
=[g(k: Miss f) ep“ — 2h ig f) dk, (8.21) 
(5 —.) + 62 
m 

which is obtained directly from (8.18) and (8.19). 

It follows from the estimates of Lemma 8.4 for the function g(k; z; f), that 
for e—0O the right-hand side of (8.21) tends to a limit which coincides with 
the right-hand side of (8.20), which is a continuous function of 4. Differen- 


tiating (8.17) with respect to the upper limit and applying the last relations, 
we Obtain (8.20). This completes the proof. 
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Lemma 8.6. The following relation is valid 
0 
[ deQy=p. (8.22) 


Proof. For any (<0, 4 —*® we may pass to the limit in (8.21) for e> +0, 


obtaining 
de (A) 


=O; AKO, AH”. (8.23) 
The operator h has a discrete eigenvalue at }=—-x?; consequently, 
e (—x? +0) — e(—x? — 0)= p. (8.24) 


The relation (8.22) follows from (8.23) and (8.24). 
Lemma 8.7. The following relation is valid 


au? a” =e —p. (8.25) 


Proof. We first show that if f€bd , then 
ke? , ° 
g(k; 5 10; f) = u'*"F(R). (8.26) 


By definition of k(e, e), any f(k)E& satisfies 


t (x, k’, = + i] 
(f, [e —k(e, NVy= Fh f)- f(k) epee (Rd! dk — 


Im om — ** 
Bee Ae, t(k, ce =~ — it) 
=(, f)—-\F&) | ft (kK) a | dk = 
Im mr 
=fe(ks 5.—is f) F (dk. (8.27) 


We have changed the order of integration, which is permissible for ¢«0, 

and applied (8.9). The required relation (8.26) is obtained from (8.27) by 
passing to the limit for e»=+0. We now integrate (8.20) over i} from 0 to 
coo, which in view of (8.26) and (8.22) gives 


[des =e", w2"/)=(e—plf, /), 


0 
confirming (8.25). 
The preceding reSults lead to the following theorem. 


Theorem 8,2, Any function f€6 has a unique representation as 


f(k) = cy (k) + al) f (k), (8.28) 
and for an arbitrary bounded function 9(x), —-o<x<o@ 
9 (b) f= 9 (—#) cha 9 (hy) f™, (8.29) 
where the coefficient c and the functions f* are defined by 
c=(f, ¥); fP=ut"s (8.30) 
and 
Pe [Pas]. (8.31) 
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These formulas constitute a simple and rigorous formulation of the ex- 
pansion theorem in eigenfunctions of the operator h. Formula (8.31) cor- 
responds to the Parseval relation. 

Theorem 8.1 follows from Theorem 8.2. We may take u™ or ua? for the 
operator wu in Theorem 8.1. Note that any operator of the form 


) 


a=um, (8.32) 


where m is unitary and commutes with hy, also possesses the properties 
Stated in this theorem. The operator uM may be expressed in terms of ul 
by a relation of the type (8.32), and with a proof of this assertion we con- 
clude the present section. 
Consider the operator 
s=ut">y™. (8.33) 


Lemma 8.8. The operator s is unitary and commutes with any bounded 
function of the operator by. The following relation is valid 


a = alts, (8.34) 
Proof. Let us first show that 
pu) — pu —0. (8.35) 


The product uu*a may be written in two ways (we omit for brevity the 
Signs +), viz., 
uu‘’u = u(u’n)— 4; 
uu’u = (ua*)u—(e— p)a, 
which directly implies (8.35). We thus have 
s*s — ul aH ala — al" (e = p) u— —e; 
ss* = ult) gp" a) = a+" (e — p) ue — e, 
which proves that s iS unitary. 
Let us now apply (8.15) in the form 
9 (bh) a = ao (hy); 
a+)" (h) = 9 (ho) a”. 
Multiplying the first of these equalities by ua” on the left, and the second 
by u@ on the right, we obtain 


s¢ (ho) = ¢ (hy) 8, (8.36) 


which is the required commutation relation. 

Finally, (8.34) follows from the definition (8.33) of s and the property 
(8.35). This completes the proof. 

Let uS now express the operator s in terms Of the kernel ¢(k, k’, z). We 
Substitute in (8.8) 


so that 


multiply the result by f(k)/'(k) and integrate with respect to k and k’. 
We obtain 


(f, k(—2e, —e) f)+-(k(e, —)f, M=(ke, &)f, k(—2e, —2e)/’), 
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which gives on passing to the limit for e>+-0 


(af, a P=, f)+ (k(+0, —O)f, £)—(k (+0, +0)f, f#), 


whence 
sf — f+ [k(+-0, —0)—k(+-0, +0)]/. (8.37) 

The definition (8.4), (8.5) of the operator k(e,, &) implies that (8.37) may 

be written for f@d» in the form 
2 « 12 
af =f (k) —2ni { t (x, Kk, 5 +10) 3 (# a x) f(k) dk. 

The kernel of s thus bears a close relationship to the scattering ampli- 

tude f(n, k). 


§ 9. Expansion theorem for the eigenfunctions of Hj 


In this section we Shall describe the continuous spectrum of the operator 
H. We shall show, in analogy with what was done in §8 for h, that the in- 
variant part of H in the subspace orthogonal to the eigenfunctions of the dis- 
crete spectrum is unitarily equivalent to a certain operator ff, the spec- 
trum of which may be easily described. 

Before we go on to prove rigorous propositions, let us consider some 
heuristic arguments. As was mentioned in the introduction, neither H, nor 
any of the H,, «—23, 31, 12, may Serve as fi, since all these operators have 
less eigenfunctions than H. Stationary scattering theory stipulates that H 
should have eigenfunctions corresponding to those of H,, viz., 


© (k, p; KO, p)=3(k —_k)8(p—p, 
plus those of H,, viz., 
D.(k, P; ph) = 8 (p, — p®) Pi(k,), %==23, 31, 12. 


The functions ®(k, p; k®, p) describe the asymptotic free motion of all 
three bodies, while in the asymptotic state described by, Say, ®,,(k, p; p) 
the bodies 2 and 3 form a bound pair. The functions 9, (k, p; p?) and 
®,.(k, p; pS’) have a Similar meaning. 

Given the resolvent R(z) of H, we can derive Suitable eigenfunctions of 
this operator by means of the procedure which was already described in the 
introduction and in§8. Let &(k, p; k’, p's z) be the kernel of the resolvent 
of H. Then the functions 


2 0)? 
(+) er) ane £0. po. FO, pe e): 
Wi (k, Ps k » P ) jim. teh (, P; k » P’s 2m + 2n ie },; 
(0)? 
WH) (k, p; p) = lim — ie | (x, p; ki, pO; —x2 + a i) $, (ka) dk, 


should constitute a complete set of eigenfunctions of the continuous spectrum 
of the operator H. Let us see how these functions are expressed in terms 
of the kernels Ha(k, p: k', p's z). 

Combining (3.5) and (3.8), we obtain the relation 


R(z)=R, (z) — Ro (z) 2 Mas (z) Ro (2), (9.1) 
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which is written in terms of the kernels of the involved operators as 


Ak, ps K, pls 2)=B(k—k)B(p—p) (H+ 2B — 2) — 
72 


(e+ Ba)” Sota, Wo 2) (K+ —2) . (9.2) 


The following expression for the functions VH(k, p; k, p) follows imme- 
diately from (9.2) 
DH (ke, p; KO, pl) = 8 (le — kM) 3(p — p) — 


a ) a 
x dict (k, p; k, p; > + o" = 10). (9.3) 


We multiply (9.2) by 6, (&,), integrate with respect to k,, and make use 
of the fact that 
Mag lk, p; k, p's z)= 


=t,(k, ki 2 — 2) ap. p)dg + UW alk, p; &, p's 2). (9,4) 
We may expect, in view of relations of the type (5.25), that 
(0)? , 
Py , (ky) j 
{ wl k, p; kK’, p’. t+ E +i) 2) ae 
om. a Pa as, a 


should have for B=y a Singularity of type a which ought not to arise when 


By. Hence it follows that the functions W(k, p; pf’) may be represented 
in the form 


w(K, ps P)= 9, (k)3(p,— pe’) — 


(0)? 
A ig oie om «= 10) Sa (enom »; aa = i0). (9.5) 


Here, unlike §5, we denote by o%',.(k, ps pg; z) the kernels obtained by a 
formula of the type (5.23) from the components of the kernels Was, and not 
of Dy We recall that these two kernels differ in a few of the first itera - 
tions of the system (3.20). 

Our aim in the present Section is to give a rigorouS meaning to expres- 
Sions of the type (9.3) and (9.5), and to prove the possibility of expanding 
any function into an integral of the functions W(k, p; k, p™) and W(k, p; p®). 
Exactly as in §8, we shall not deal with the functions W, and ©, themselves, 
but asSign to them isometric operators which diagonalize H. 

We start the rigorous treatment with the description of the operator Rt. 
Consider the four Hilbert spaces po, S25, 3, Di. The elements of % are 
the Square-integrable functions /f(k,p) of two variables, so that this space 
is identical with ©. The elements of the Spaces SH,,, 63,, Hy. are the 
Square-integrable functions f(p) of one variable. To distinguish between %, 
and %, and also between the individual spaces %,, «= 23, 31, 12, we similarly 
label their elements and scalar products; thus f(k, p)EG Do, A(p)E9., while 
(-, -}) and (+, -), are the scalar products in %, and &,. 

We denote by § the direct sum 


H = Hy B Hey B Hy B Hie. (9.6) 
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The operator ff operates in %, and is reduced by the subspaces , and %,, 
a= 23, 31, 12, so that 


fi — Hi, o H,, & A, @ A, (9.7) 


where fi, operates in %, and Hf, in ,. These operators are defined in their 
natural domains by 


Ai, fo(k, p) = (g- +2) A (k, ps (9.8) 


Bf(pJ= (+ F) Alp) 2=23, 31, 12. (9.9) 


Let P,; be the projection operator in S on the subSpace §,, Spanned by 
the eigenfunctions of the discrete spectrum of H, and let %, be the ortho- 
gonal complement of 9; in ©. The subspace , reduces H. Let &, be the 
corresponding invariant part of H in §,, and E, E, and E, the unit operators 
in §, H and 9,, respectively. 

We will prove the following proposition. 

Theorem 9.1. The operators H, and ff are unitarily equivalent, i.e., 
there exists an isometric operator U mapping § into %, such that the 
following relations hold 


U*U=E, UU*=E—P,, HU—URA. (9.10) 


To prove this theorem, we construct explicitly an operator U which pos- 
sesses the properties listed in Theorem 9.1. This will involve the kernels 
M,,(k, p; k', p’; zy) of the operators M,,(z) and the associated kernels Wag (k, D3 
k’, p'; 2). These last kernels are of ‘the type Q,, In this section, unlike §5, 
we denote by Fag, Vay, Fag and %,, the doraponene of the kernels %,, and by 


Ha and oh, the Rennes: obtained from these components by the formulas 
(5.23) and (5.24). 
We now introduce the notations 


Lag (kK, Bs Pgs Z)= Fa(kq)8 (Pa — Pa) Pup + Hag (Kk, Ps Pai 2); (9,11) 
Lag (Pas K', p's 2) =H ug (Pas Ky p's 2) +3553 (Pa — P.) Pa (Ke). (9,12) 


By repeating the proof of Lemmas 5.1 and 5.2, we may demonstrate the 
following relations 


ms ke’ , 
A. 2(k, D3 k’, p's sa or ae a ( K) dk, = £4 (k, P3 Pg; Z) at (9.13) 
ge r+ bn 
1 / 
wit oS - Mag (k, P; k', Ps z) dk, = — a | ) k', P> z). (9.14) 
on One Per ees 
m al Zz a 2n, 


The discussion at the beginning of this section shows that it is advisable 
to consider the expressions 


+in) 
’ ! dle 
2 pte? 9p fy (k, p')dk'dp'; (9,15) 


wa + — 2 a 


2m 2n zm 2n 
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3 Fa (Pp) Pa, (9,16) 


Pp : 
Bo eg Se ey 
n 


2n, 


where e, and e, are real parameters (cf. (9.3), (¥.5)). Ife,0 and e,-0, 
then (9.15) and (9.16) define operators that map §, into and §, into 9, 
respectively. We denote these operators by M1, (¢1,¢2) and L., (e,, &,). 

Let 9, and 9, be the dense sets in % and 9, which consist of all smooth, 


finite functions /,(k, p) and f,(p,) that vanish at the surfaces x -+-F 2, 


4 
and +h, respectively. Here i, are the singular points of the 


operators A(z) (cf. § 7). Unlike the caSe considered in § 8, it has not been 
possible to estimate the integrals (9.15) and (9.16) uniformly in e, and e, 
over intervals including their zero values, because of secondary singularities 
of the first iterations of (3.20) which appear in the kernels cf, (cf. § 6). 
We therefore cannot prove directly that the operators M.,(e., e,.) and L., (4, &5) 
converge strongly on the respective dense sets for e¢,>0 and &—0, and the 
proof of this fact requires the following indirect approach. 

Let f(k, p)EMS, ») with o>. The class M(®, ») was defined in § 5, and 
the functions f(k, p)EM (6, ») constitute a dense set in © if >>. Consider 


the integrals 
. . — . te __ F(R pt) ki ! 
m,, (k, P; 21, Zo; fy= Ma, (k, P; k’, P; z;) Ke p” d. dp’. (9.17) 
2m * Qn 7 


It follows from (9.4) and a formula of the type (5.3) for the kernels W& 
that the functions m,,(k, p; z, Zz; f) may be represented as 


ag) 


Pa (k,) lag (Pa: Z1, 22) f) 


m,,(k, P; 21, Za; fy=n,,{k, P3 2, 223 f)+ ’ (9.18) 
z+ ve 
where 
: Sf ae SE sas PP a ee PD (9.19) 
Lag (Pai 21, 225 fy= Lag (Pai k » Ps; z;) Re p” dk'dp’. 
2m * 2n” 72 


Lemma 9.1. Let f(k, phEM(, vw’). Then Ngg(k, Ps Z1, 223 Sf) and 1,4(p,3 21, 225 f) 
respectively, belong to the classes M(@,p) and N(®, p), »p<y’, as functions 
of k, p and p,, and satisfy estimates of the type (5.6)-(5.9), uniformly in 
z,EIl, and z, lying in a finite region of the plane M1.» which contains none 
of the singular points },,. 

This might be proved by estimating Separately the integrals of all the 
contributions to the kernel c#K.a(k, p; k’, p's z). We will proceed by another way. 
Consider the integral 


2 f 
, Pa 8 Pa — Pa / U f 
mO(k, ps 24, 293 n= | (x, ky rd ee 1, eye 


2m * 2n” 72 
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By (4.50), mk, p; z,, z, f) may be represented in the form 


va (ke) !° (pai 29: f) 


mO(k, ps 2, 23 fy= aM (k, pi 2, 245 ia , 
2, +x — Pe 


where 


2 ’ 
a , P. 3 Pa Pa ! ! / 
nN (k, Pp; 21, 2,3 n= (4, k’, z, eS 3 ) K(k’, p')dk'dp’, 


2n, 
2m * Qn” 72 


—- 3(Pu— Pa) ogi 
ID) (Pas. 293 p= | sap p') dk'dp’. 
2m * Qn” 78 
Integrals of this type were considered in§7. The estimates of Lemma 7.1 
show that we may regard the aggregate of functions nk, p; z,, z f)3,, and 
1) (p,3 Z,3 f)8,, as the components of the element wf) (z,, zy; f)EB(S, vp), which 


satisfies the estimates 
[oP (z1, a3 Ah,» SC: 
Jo (z, 4-4, 2,44, f)—ap(z,, 2,5 1 C4, * + |4,"] 


with certain indices 6, p<p’ and 8<p’—4p., 
It is easily verified that those components of the elements ,(Z1, z3; J) 
that satisfy the equations 


%, (z1, 225 f) = of) (z,, zy; f)— A(z,) o, (z,, 22; f), 


are the functions in question N,, {k, P; 21, Z3 f) and lag (Pa Z,, 23 f). To See this 
we only have to apply the system of equations 


2 
; ; Pa , 
Mig (k, P; k’, P; z)=t,(k,, ki 2— F*) 8(p,— Pi) dy — 


3 "” 
” Pa y (P. a Ps) a a r 
= t(k, k*, 2— 2) Ee pt Sd Aglk » Ps k’, P; z)dk'"dp" 
om * on? 1a 
72 2 aa | 

for the kernels cf.g(k, p; k’, p’'; z), set z=z,, multiply by (+2 —2,| T(k’, p’) 
and integrate with respect to k’ and p’, keeping in mind the definition of the 
operator A(z). Now by Theorem 7.2 


Il, (z1, 223 Alle, ~pRCS 89% BCH 
Ilo, (z, +A, z,-+ d,; f)— ©, (21, 295 A Yllo, p< C[]4i]" + |4e!"], 
for all z, and z, allowed in the formulation of Lemma 9.1. This completes 
its proof. 


We may readily verify with the help of Lemma 9.1 that expressions of 
the type 


(M,, (1, &) Sos f= My, (61, e3 fy, S); (9.20) 
(L,, (41, &2) fy f)=1,, (41, &9; ee f), (9.21) 
approach a limit for e,>0,«,—-0. In fact, we have 


Lemma 9.2. Let fEM(G, pv), FED, and f,ED». Then the functions 
Mg (81, &23 fo, f) and 1,,(, &; fy f) are Holder functions of e, and &, when both 
these parameters vary in the interval [-1, O] or [0, 1]. 
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Proof. By definition of the operator Mi, (1, &2), we have 


Mi. (61, £95 to f)= (M,, (41, &s) fos fy= 


2 72 


pee Mag (i. P; k’, P; am +f + ie] 
= | fk, Bg og pa et (k', p')dkdpdk'dp' = 


am + Be — Bee On — 
=e ee eo ee 
=J folks p) mya (ky Pi get bit, gt 5 — ies f)dkedp. (9.22) 


Here we have changed the order of integration, which weare allowed to doon 
account of the absolute convergence of all the integrals for ¢,-0, » 0, 
and made use of the Symmetry relation for the kernels %,, 
Ma (k, Ps Ks ps z)=AMyalk’, P's k, ps 2) (9.23) 
and the definition (9.17) of m,, (k, P3 21, Zo; f). 
We similarly obtain 


2 — oe 
Ps, Pa 


The proof of the lemma follows now from the estimates of Lemma 9.1 for 
Nag lk, ps 21, 223 fy and l,,(p,; 21, 22; f), and from (9.18). 
We denote by E, the identity operator, mapping %, into 9, 


Bof=h folk, pP)=Sk, P), (9.25) 


and define 


U, (2) = Bo+ 2M, (¢ e). (9.26) 


Lemma 9.3. The operator U,(e) converges strongly for «> =+0 on any 
element f\€D,. The limit operators 


U~ = lim U,(e) (9.27) 
s>+0 


may be extended by closure into isometric operators over the entire &, 
so that : 
Us?” Us?’ = Eb. (9.28) 


Proof. We apply Hilbert's identity to the resolvent R(z), expressed in 
terms of the kernels Mag (cf. (3.36) ), 


Mag (k, P; k’, Pp’; Z1) Maa (k, P; k’, P’; zo) 


29 — 2] 227 2) 
1 1 
ae SMe (k, ps k", p"s 21) 3a sr x 
Sa it I 
: 2m * Qn 7 2m * Qn 72 
A > M,,(k", p's k', p's z_)dk"dp". (9.29) 
1 
We now set 
Rk 2 . kk” p”™ ; 
ae og: EI og ag 
so that 
_ _ {eR . p®? kp” —= 
a ae (E+E aS ta ae a 
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multiply by Ak, p)A(k, p), where folk, p)E Dy. and fi(k, p)ED), and integrate 
with respect to k, p and k’, p’. The result may be written in terms of the 
operators M5 (¢,, @,) as follows 


(M.,, (fo, ea) Sos Ef) +(Ef,, M., (&, & + &s) So) = 
=(S Mp (ex &) foo SM. (ey &)/)- (9.30) 


Here we have changed the order of integration, and applied the symmetry 
relation (9.23) for the kernels Mag - 
Upon Summation over a and 8, (9.30) becomes in terms of the operators 
U, (e;) and Up (e,) 
(U, (2) Sor Uy (61) So) — Cor Soo = 


=(% (I, (C2 ©, ©) — Mg (eq, &)} fy Ef) + 
+ (B, a 2 (Mas (6 e, + ©,)—M,(¢,, &,)} ft), (9.31) 
or, expressing the right-hand side of (9.31) in terms of my(¢, ¢% fy f) 
(Uy (5) fo» Uo (1) fo) — (For Solo = 
= (tig(* ees fo, By S,)— tte (Eqs &33 So» Bo f,)} + 


+2 (75 (, &, + &,; Soi Bof,)— Fieg(®» &3 Foy Bof,)}- (9.32) 


By Lemma 9.2 the right-hand side of this equality vanishes when both e, 
and e, tend to zero from the Same side. More accurately, there exists an 
index 8>0, such that for any f, and f| in 9, 


(Uy (&2) for Uy(&%) fo) — (Sor Foo = 9 8?) + O(/ &)’). (9.33) 
Let now 4,¢9, and > 0. We have 
d* = | [U, (¢,)— U, (*s)] f,|?=( (2) fos U, (,) i 
— 2Re (U, (¢,) for Uy (2) £0) (Uo (2) For Uo (2) 4p). 
It follows from (9.33) that the right-hand side is of the order O(e,|*)+ 
+ O(le, I), SO that d may be made arbitrarily small for sufficiently small e, 
and e,, provided they both have the Same Sign. This entails the convergence 
of U,(e) on D, for e>0. 
Let us Set in (9.33) e,—=e,=e, and pass to the limit for «+0. We obtain 
for any f,(k, p) and f,(k, p) in 9, 
(Uh, Us fo) = (f o» Se ao: 


In view of the denseness of 9, in %, it follows that the operators US and 
US? may be extended by closure into isometric operators on the entire Sp. 
This completes the proof. 

Let us denote by U,(e) the following operator that maps %, into 


U.E)= ZL, 9). (9.34) 


Our next goal is to prove that the operators U,(e) converge strongly on 9, 
for s+0, and that the limit operators are isometric. For this we apply 
Hilbert's identity in the form (9.29). Multiplying (9.29) by 


Ee) (G+ F—a) G+) tes 
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and integrating over k, and ky, we obtain with the help of (9.13) and (9.14) 


2 


Pa 
, 2 =—_— 
be (ks) ; Zg + % = 2n, 
Lg (P23 k', p's 2,) Kk? op? dk, m2 
2m * Qn 72 
p? 
2+ a Ont Yo (Ka) i = 
aaa) ep ea Bs Pe 2) 
2m *2n 71 
1 1 
= > 2, (Pi k", p's 2) pr yee 
t 2m * 2n~ 71 2m * 2n *2 
4 I, be i] Uf 
X BL p(k, p"; py 2,)dk"dp'". (9.35) 
We set here : 
2, > a oF » 72" On, Pas 
so that 
Py Pa 
mast aR ies) 


multiply the result by f/(p,)f,(p,) and integrate with respect to », and py. 
The right-hand member may be written 


(U, (&2) /, , U. (e:)f.)s 


and it remains to consider the left-hand member. 
The left-hand member contains for a8 a term which may be represented 
as 


i (€, + eo) 


) Pa — Pa) ) 
( | a a Pa (ka) Yu (a) dk, -+-ie, ee Co) ta Ca) dk.} x 
Im, + te a ey tm t+ te ity 
x FP) f.(P2): ce 
Here the integral 


I(e) _— \ 5 (k) Pa (k) dk 


Im, + *a + i 
a 


iS analytic in e near ¢=0, while at e=Q it reduces to the normalization in- 
tegral for the function 9,(k), so that /(0)=1. Consequently, (9.36) may be 
written, after integration with respect to p, and p,, in the form 


(fa toe a O (&,) ~ O (.). 


The remaining terms of the left member may be expressed by means of 
integrals of the type 


Sletten 
Fiag\ pas k ps —e + GZ ie, 
i, | 2) = x 
B ‘ Pa 7 
*B— On, —*=* ny 1(4 +) 
vp (Fs oe 
5 (p;) dp,dkidp,. (9.37) 


paisley 2S 
2m + %B 1&9 


8 
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Integrating first with respect to p,, we are left with the integral 


p 
kia (Pa ka, €,, %)—=le, ay ge eee Fa (Ps) dp,. (9.38) 
2 Pp 2, Po 
9 — ‘n, tg eg E(t ee) 
We shall prove at the end of this section 
Lemma 9,4. Let f,(p,)ENO, ») and =, > 0. Then the following estimate 
holds for kig(Py 5; &, &) 
[Kap (Pai Kgs 1» &)|<C(&). 


uniformly in all kj, |e,;<1,4=1,2 and for p, varying within a region which 


a =h,, whereby C(e,)+0 when 


does not include the singular surfaces —%+- 
e,—> 0. 
Using this lemma and the preceding arguments, we may now prove 


Lemma 9.5. The operators U,(e), «=23, 31, 12 converge strongly on 9, 
for e+Q. The limit operators 


vu» — lim U, (e) (9.39) 
er 


may be extended into isometric operators over the entire %,, and the 
ranges of the operators U* and US are orthogonal for a¥B8, i.e., 


US"Up? = 8p. (9.40) 
Proof. If f,€9,, 4,€9D, then by Lemma 9.4 the integrals of the type (9.37) 
vanish when e,~0 and e,>0; thus we have 
Us (ea) fpr Ue) SI =Fp Fe Li). 0 (1) (9.41) 
for 6,>0 and s,>0, a >0. Combining relations of the type (9.41), we con- 
clude that if A€@®,, then 
{(U. (e.) — U, (e2)] I= 0 (1) 


for e,, &—+>0, which implies the strong convergence of U,(e) on 9,. Setting 
e, —e,=-ain (9.41), we pass to the limit for e+0, and obtain for any fE9,, 


LED, UL, YEH)=a (for fe 


It follows in view of the denseness of 9, in %, that the operators UF 
are extended by closure over the entire ,, 2=23, 31, 12, and (9.40) follows. 

This completes the proof. 

We now go on to prove that the ranges of the operators Uf’ and US’, a=23, 
31, 12, are also orthogonal. To this end we apply again Hilbert's identity. 
Multiplying (9.29) by (K+ 2 -,| },(k,), integrating with respect to k,, 
and using (9.13), 


Pp 
’ +%o—- a , 
tp (4) i. __ Lag (k, Ps Pp #9) 
Mg (k, P; kK’, P’, a) yt zg — 2j fa Zq— 2) = 
2m 2n 7 “2 

’ 1 1 Eee 

+ | Somat Ps K", p's; re pa De® p"; Pgs 24) dk'dp’. 
: in * in" Om to 7 (9.42) 
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We Set here 
so that 


multiply the result by f,(k, p)f,(P,), and integrate with respect to k, p and 


’ 


p, After summation over a and §, the right-hand member may be written 


(U, (¢) fy U,(®) £,)+- 0 (1). 
In order to obtain an expression for the left-hand member, it is neces- 
Sary to evaluate the integral 


Ek? p* 
Mik, p; k, p's a + HT 
al rps Ns Pi 2m * On ae 
m,,(k, P; ks; e) = ie - : 7 fs (Ps) dp, (9.43) 
am * On + Dn — 2 


multiply the result by 


F,(k, p) P) 9p (Kg) (Peageie) , 


integrate with respect to k, p, ky, and sum over a and B, At the end of this 
section we shall prove 
Lemma 9.6. Let f,(p,)EN(6, p). Then my(k, p; ky ¢) satisfies the estt- 
mate 
| maa (ks Ps ksi 2) |< CE), 


uniformly in e, |e|<1, k, and k, and p lying in a region which does not con- 


tain the singular surfaces - +P =1,, whereby C(s)+~0 when «+0. 


This lemma leads to 
Lemma 9.7, The ranges of the operators US and U¥’, B=23, 31, 12, are 
orthogonal, 1.é., 
US ‘US — uu — (9.44) 
Proof. From Lemma 9.6 and the pastas ieni arguments we know that if 
fo€ Do and LED , then 
(U,(e) fy Us (©) fo) = 0 (1) 


for e+0. Passing here to the limit for «+0, we deduce that (US's, 
US £,) =0, for such fy and hy. This relation is extended by closure througn- 
out $3 and §,, whence (9. 44). This completes the proof. 


We have thus given an exact meaning to the formal expressions (9.5) and 
(9.5) for the functions Wi(k, p; k®, p) and © (k, p; p®) and proved the ortho- 
gonality of these functions. Let us now prove that these functions are eigen- 
functions of the operator H. We denote by R,(z) and R,(z) the resolvents of 
fi, and Hf,, operating in the spaces 9, and %,, 2=23, 31, 12, respectively. 

Lemma 9,8. The following relations hold 

R(z) US — UR, (z); (9.45) 


R(z) Us? =US°R,(z), P=23, 31, 12. (9.46) 
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Proof. We set in (9.29) 


bp? 2 
= gee ens P ° 
Zz and 2=>= Om * Om Tes 
so that 
bk? p” 
Ze 1=3,° do ee 


We write the denominator (z,—z,)“? in the second term on the left-hand side 
of the obtained relation in the form 


1 k2 p2 
ep kp? ae a 2) 
2m * 2n 2m 2n °° 

1 1 
2m * 2n 2m 2n "© Bm ~ 2n 7 ** 


and obtain a relation which is equivalent to the operator equation 
M,,, (z) Ry (z — ie) E+ M., (c, e) — (H, — zE) M,, (c, e)R,(z— se) = 
= 21M., (2) Ro (2) UM, é). (9.47) 


Multiplying (9.47) by R,(z), adding and subtracting the identity 
R, (z) E, = E,R, (2), 


Summing over a and §$, and rearranging terms, we obtain 


[ Ro (z) — Ry (z) 3 Ma, (z) Re (2 — i) | (2-2 M.,(¢, )]= 


_— E.R, (z)— pa M.. (ec, e) R,(z — ie). 


Recalling (9.1), (9.26), and passing to the limit for ¢~0, we obtain (9.45). 
We now Set in (9.42) 


12 


Pp 


rar ids . 
Z, — i Z,= % + Qn, —+-i6&, 
i) 
so that 
12 
z,—z,==—x2-4- 78 eg 4 fe 
2 {es 8 2n, . 


We write the denominator (z.— z,)~! in the form 


1 k2 2 
— +, — + (5+ —2z)x 
; 5 ’ 2m 2n / 
a a, ee ‘ 
2m * 2n "8 On ' 
1 1 
x 72 72 4 
BR Pg = Pa as ae 
Im + on **8— 2n, — 13% 2n, — té 


The right-hand member of the resulting expression may be written 
L,,(¢, ©) + (Hy — zE)L,,(, ©) R, (2 — ie) + UM, (2)Ry(2) ZL, (6, 6). 
T 


In the left-hand member we have a nonSingular expression, containing 
the factor e. We multiply the last relation by R,(z) and sum over a. Passing 
to the limit for e+=+0 gives (9.46), which completes the proof. 

We obtain as a corollary to this lemma, that if the function 9(x) is 
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bounded for any x, —o<x<o then 


9 (H) US? = Us*’> (A,); (9.48) 
~ (H) us — UU» (Ai, ). (9.49) 


We may therefore say that the kernels of the operators Us and U®, i.e., 
the functions 


Wi (k, p; kK, p®) and WE (k, ps pe”) 


are in a certain sense Solutions of the equation 
HY (zk D; EO p=( 4 wy (x) (k, p; k p; 
es ¥ 2m i 
po 
HYH(k, p; p?)= en Ons ) wi p; p®), 

so that they may be regarded as eigenfunctions of the operator H. 

Our next problem is to prove the completeness of the derived system of 
eigenfunctions. For this we will first derive, as in § 8, a convenient re- 
presentation for the Spectral function E(A) of H. 


We introduce the notations 


m,,(k, P; 2; t)=m,,(k, P; 21, 295 PY nai} (9.50) 
Lg (Pai 25 A=, (p.3 21, Za; Pies (9.51) 
(for the definition of the right-hand sides cf. (9.17), (9.19)), and 
k2 2 ; 
gH (k, ps N=S(k, p)+ > ma (k, ps 5+ E- = 10; f); (9.52) 
a, B 


2 
gs (ps A= Se (p. =a i + ) (9.53) 
B 


By Lemma 9.1 these functions are defined if x 4 Fn, and —x2 4 P 


respectively. 


Lemma 9.9. If is nota singular point of the operator A(z), and if 
f, FEMS, p), then (EQ), f) ts differentiable with respect to , and 


LEMOS N=fAP(k, i NIE i A) (L+ Ed) dkdp+ 


+ Sf ee. A) gF (pai £8 (—st-+ ) dp, (9.54) 


Proof. We make use of the relation between the spectral function and the 
resolvent 


’ 


(AEOS f= lim 5, f (RO+i)—ROA—)S, fdr. (9.55) 
< s->+0 » 


In virtue of (9.1) the difference between the resolvents on the right-hand side 
of (9.55) may be represented as 


R (A+ ie) — R(A — ie) = [ E—Ro(h+- ie) 3 Map (Xie) | x 
x (Ry (A “+ is) —Ro (A — ie))| E— 2) Mare (k — ie) Ro (A — ie) J. (9.56) 


Let us construct the quadratic form associated with this expression for 
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elements f and /’ in Dt(6, »). The right-hand side is a sum of integrals of 
the type 


c a 
h+ie +22 — =— 
a 2n, 


k.\ 1 - A+ ie; 
[0 ve tie fa edits Mies NY 


2 —l f 22 2 .\-1 
x|[ (= + 5 —h—ie) —(5-+F — r+ is) |x 
TENE a EERE GER ORT Par ky ls r Pa’ A — ie; fa 
X { Mag l(k, ps 4— ie; caine a dkdp. 
h—ie ++? i One 


We have written out here the integral which results from the multiplication 
of the second terms in the square brackets on the right-hand side of (9.56), 
and used the notations of (9.17), (9.18), (9.50) and (9.51), and the symmetry 
relation (9.23) for the kernels cf.(k, p; k’, p's z) Such integrals have in fact 
been considered before in §7. By the same arguments which led to the 
proof of Lemma 7.9, we may prove that 


= (IR (\-+- ie) —R(A— ie) f, £’) 


tends to a limit for e+-+0, and that this limit is identical with the right- 
hand side of (9.54). This completes the proof. 

Let us split the spectral function E(A) into the sum of two terms: the 
step function E,(A) and the continuous function E,(A4). The complete course 
of the function E,(A) provides the projection operator P, on the subspace 
Spanned by the eigenfunctions of the discrete Spectrum of H. It is also 
clear that 


| dE,Q)=E—P,; (O57) 


and that E(A) on the left-hand side of (9.54) may be replaced by E,()). 
Lemma 9.10. The following relation is valid 


US ue 4+ UP Us” + UP US” + UP UE” = E—P,. (9.58) 


Proof. We first show that the functions g®(k, p; f) and g(p,; f) are 
Square-integrable over the entire six-dimensional and three-dimensional 
Spaces, respectively. We denote by J, the real axis slit along the intervals 
[\,.—¢, 4,-e] and by 2 and &® the one Six-dimensSional space, and the three 


three-dimensional Spaces slit along the Spherical shells HF), <e 
2 
and Ja Pt, <e, respectively. Setting f=/f’ in (9.54) and integrating 


both sides with respect to A over J1,, we obtain 


JE MAND | eek w A|tdkdp + 


a 
+S | les Ae. ee) 
a (a) 
The integrals on both sides are monotonic in e and do not decrease with 


o(* 
decreaSing e. For e>0, the left member of (9.59) converges to ([E—P.Jf, /) 
while the integrals on the right member extend over the entire Six- or 
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three-dimensional space, respectively. We deduce that 
Jl eh, ps A | ?dkdp+-d i | (ps A)? ap = 


which implies, in particular, the required square-integrability. 

We now denote by g™(f) and gf) the elements of %, and %,, generated 
by the functions gi*)(k, p; f) and gy (p,; f). Let us show that 

gH (fP=UL"Z gH (f) = UY, (9.61) 

We note that in virtue of (9.22) the following relation holds for any RED, 

and fEM(4, p) 
ke Dae ee 
(Mise, ) fon A= folk, p)img,(k, ps 5-5 — ies f )dkdp. 


We sum this relation over a and 8 and add to both Sides the quantity 


(Eyfo, =| folk, p)F(k, p) dkdp. 


The result is 


(Url) fi, D=[ folks P)g0(ks Pi gee Ge — es A) dkedp. 


Passing to the limit for e>-0, we obtain 


(USA, f= (fo, go yo» 


which, in view of the denseness of ©, in §,, entails the first of the relations 
(9.61). 

The second of these relations is proved analogously. Let £,¢9, and 
FEM (G, »). In view of (9.24) 


$$ 
Poti, 

(Le (®, °) fa n=\4, (,) lo (>. + ie; f) dp. 
Summing over § and pasSing to the limit for «> +0, 


(Us, p= (fas ge (De 
which, in view of the denseness of 9, in %,, entails the second relation of 
(9.61). 
Replacing E(A) in (9.54) by E,(a), integrating the result with respect to A 
from —o to o, and applying (9.61) and (9.57), we obtain 
(E—P.)f, f)=(US4, Uf) (Us, UEP) 


+ (US, Us") + (UE US?’F), 
whence (9.58), which completes the proof. 
The preceding results entail 


Theorem 9.2. There exist operators U® and U®, a—23, 31, 12, res- 
pectively mapping 9, and %, into %, which possess the following proper- 
ties: 

1. Any function f€% is uniquely represented in the form 

f= fa US £S + UP AF + US AP + UP AP, (9.62) 
where 
faE Ha, FED, SEH, 2=23, 31, 12. 
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2. The following relation holds for any function ¢(x), bounded over the 
entire veal axis 


9 (H) f= ¢ (Pall) fa + US’? (fy) A + US (A) £2. (9.63) 
3. The functions f, f are defined by 
Lo aNe hk Jae 7. (9.64) 
4. The following relation holds 
FP =lAl +176? fo (9.65) 


Formulas (9.62) and (9.64) constitute a concise and rigorous statement of 
the expansion theorem for an arbitrary function in the eigenfunctions of the 
operator H. The equality (9.65) corresponds to the Parseval relation. 

Theorem 9.1 also follows from Theorem 9.2. We setfor U in Theorem 
9.1 the operators U®, defined as follows: if fE€ and f,, fy, fa, fro are the 
components of this element, then 


UP f= UP fo + US fos + US far + UP Ar. (9.66) 


It is then easily verified that in virtue of Theorem 9.2 the operators U 
map isometrically % onto %, and possess the properties listed in Theorem 
ce 

Consider in $ the operator 


S=UC"U™. (9.67) 


if f, fe, and hy fa to fy %=23, 31, 12, are the components of f and f, 
respectively, then 

f'=sf 
means that 


Ic p2 Susfe. 


Here Summation is carried out over the values B=0O, 23, 31, 12, and the Sus 
are operators that map , into H,, defined by 


S.s = US" US, a, B=0, 23, 31, 12. (9.68) 
Lemma 9.11. The operator § is unitary and commutes with any bounded 
function of the operator 4. The following relations are valid 


u —vus (9.69) 
that is, 


US = LUs"'Ss., a, B=0, 23, 31, 12. (9.70) 


The proof corresponds almost exactly to that of Lemma 8.8. The fact 
that now the operators U™ relate to different spaces is immaterial. 

The operators S. may be explicitly expressed by means of the kernels 
Map(k, p; kK’, p'; z). We derive as an example one Such expression, without 
justifying rigorously all the steps. 

We substitute e,—-—e and e,—2e in (9.31); then 


(U, (—e) Io U, (2e) fo) oe (fos foo (X [Ms (—e, e) — M.. (—e, —e]fy, EB, fo) 
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Passing here to the limit for e+—0, we obtain 


Swofo= (By +B, (M,,(+0, —0)—M,, (+0, +0)}} /. (9.71) 


The right-hand side converges, at least weakly, ona dense set. The kernel 
of Sj, by (9.71) and the definition (9.15) of the operators M,,(q, ©), may be 


formally written as 
Po (k, p; kK, p')=8(k —k)3(p — p') — 
72 


(Fe pk ) ( , Ko 0) 
—28it (+ Et — dhs KP Es Pom Won EOYs 


We write down without derivation the expressions for the kernels of the 
other §_: 2 

“3° , ° k2 P. 
Poa(k, p; p,) = —2ri8 (H+B+e— | x 


m 


2 


XS Hy (x, P3 Ps — = +10), 
B 


Pag (Pai Pp.) = 8, 8(p, —p,)— 


2 12 2 
Pa 3 Pp Z io a 4 i.) . 
mB 2n, # ug (>. Pas x6 On, + io| ‘ 


— 2rid (—.2 + 


We conclude this section with proof of Lemmas 9.4 and 9.6. We en- 
counter here integrals of a somewhat more general type than those actually 
required in the lemmas, namely 


Wan(k, p; k’, pi; 23) 
k, Py ke. ’ ; — 9 ahs Asc ce ke A : d a 
co Pp B 21, 22 f) (z, “| ; Bs I, (Ps) Pp (9,72) 
Z, + 43 — 


B 


According to a formula of the type (5.3) for the kernel 2/7 
may be represented in the form 


aa these integrals 


w,, (k, Py 21) 225 kp) = Pag (k, Ps 215 225 k)+- 


= ?,(E,) 9, (Pai 21 29) ks) : 


2 (9.73) 

2 Pa 

zy Xi Qn, 

where, in particular, 
' Hag (Pas k’, Pp’; z1) P ; 
34, (P. 21, 223 kg) = (z2— 21) a Fg (Pa) Pe: (9.74) 
Ps 
z+ %8 — pp 


Comparing (9.43), (9.38), and (9.72), (9.74), and using (9.4), we find that 
the integrals (9.43) and (9.38) are expressed by those introduced in (9.72), 


as follows : 


’ k, . , 
Mag(k, ps kgs 2) set, (x, key Dm i] fy (Pp) ag + 


2m, 
2 Ae BE cote, Ee PP ate, GN 
+, (k, P; 5 On Im -+ On —t- 2ie; k;) ; 


kas (P.> kes 1, &)) = 
2 2 
Pe e Pa ° 
_—_—_— . 2 e — 2 e J 
= Fag (». —t On. + 1E,; Coe Qn. +1 (e,-+-€,); x; . 


Let us now prove 
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Lemma 9.12, Let f,EN(O, »). Then the functions Pag and ey satisfy the 
estimates 


|Pap(ks Pi 21 223 Kp)|<C() 21 — zal); 

| ug (Pai 21, 225 k)|<C(| Z1— 22|), 
uniformly in any k,, for all z, varying within any finite region of the plane 
Il_» that does not contain singular points, and for all z, varying in that 
region and satisfying the condition |z,—2z,|<8, where 3<f min x3, Whereby 
C(|z1— z,|)>0 when z,— 2. 

Proof. We apply the same method as in the proof of Lemma 9.1. Namely, 
we show that the functions 
Pag(Ks Pi Z1, Zas kp) and o,,(p,3 21, Z23 kp) 


may be considered to be the components of the elements o,(Z1, Zo} k,), Satis - 
fying the equations 


04(21, 225 Ki) = 0 (21, 20: ky) —A(z1) (21, 203) (9.75) 
where f(z, 29; k,) fulfills the estimate 
[| © (zr, z23 Ke) lo, w< CU 21 — 22), (9.76) 


and C(|z,—2z,|)>0 for z,— 2. 
The elements of)(z,, z,; k,) must obviously be generated by the integrals 


w(k, Ps 2, 25 made! al 


 (k, Ps K’, m 21) 
Ts (Pp) 4Pp, 
2 Pe 
29 +%%— On 
where W(k, p; kK, p'; z) are kernels of the operators WQ(z) (cf. (3.16)). These 
kernels have the following representations 
” Pa 8 Pa — Pa 3 (py Pp) ” , Py 

UW (k, pi ky py z=] t, (x, kn 2 Ta ze ty Kar & a dk''dp". 

2 ‘2m * Qn” 
) by its expression of the type (4.50), we 


Replacing here f¢, (x, ki, Zz 
infer that w® naturally falls into two parts 


Pa (k,) of (P. 2s 2; ks) 


2 
2 Pa 
2) + he = 2n, 


wie (k, Ps 24, 2; kg) = 0 (k; Ps 245 2 kg) 


We have repeatedly noted before that it is sufficient to consider the func- 
tions p%. The estimates for of are obtained from the estimates for p@ by 
setting k,=0 in the corresponding estimating functions. 

Consider the function .%), taking to be definite a=23 and 8—=31. Weshall 


omit the indices 23 and 31 in pQ,,. Then 
“ m Pt 1 
p(k, Ps 245 Zo) ki) = (ze—z,) | ts ( kes SP ea Pl 2,—f) 2m3) (p+ 


Z —1 12 
my \2 P2 Fy ae ’ Pe 
aS m3 + m, P:) ORs a | es a Par key 2 — 2ng ) * 


J, (Po) 4P3. 
2 
~2ne 


2 Pe 
4+ "31 “One 


my *\7 yor NN 
pa1\ Pi + Tao mPa) a1 (Fai) | 1 
4 te 
Zo + %o1 
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We denote by p@ the contribution of the first term in the braces to p®. 
The denominator in the corresponding integrand may be put in the form 


1 1 


If |zr— ald, then the second factor is analytic in z, and z, and 


vanishes for z,;~z, It may be shown by the lemma On singular integrals 
(using the usual estimates of integrals over angle variables) that p(k, p; 
Z1, 23 ky,)E D2 (8, p) with some @ w for any z,€U and for z, such that 


ln —2|<>2, and that |p|+0 for z,—> z. 


—x83 


The integrand in the remaining contribution to p® contains three singular 
denominators. The product of the first two may be written in the form 


1 1 
3 + a x 
z( es) ae )" it 2 Pa 
2m3) Pit m3-+ my, Po} © 2no —~ 71 4, + %31 — 2ng 
1 


x 1 ( m\ - 2 3 e 
qa a aa + % 
2m3, pi m3+ my, Pe 31 


The integral p© of the first term of this expression is treated exactly as p. 
Consider the integral of the second term 


Pp 
(9 = (2, —21) [8,5 ( kao —P2.— a a Pe ee in, ) x 


2 \—1 
\ Ur. Ps 
x $a Pr P;) P31 (k31) Eas A) x 
Pe —I 
x laces, aie Sa (P2) EPpy. 
The denominators may be rewritten 


’ 2 2 a 
2 Pr 2 Po 2 _P2 a Pa 
7+ %31— On, / \7a *31 — Qng + %31 — “Ins 72 *31— Ong 
so that p®(k, p; z,, 2,3; ky) is represented as the difference 
p(k, Ps Zr 245 ky)=[P (A, Ps 24) 21° Kqy)—P(K, Ps Fas 293 Kyi)] Par (Aas) 
of integrals of the type 
P(K, Ps 2s 295 Ky)= 


x eres! ee 

’ mo Py $51(ps + m5 +m Ps] , ' 

= ts (kes, —P,— me + ma P19 2) 3B.) SNES ma: 72 - ti (P,) dp, : 
P3 

Zp +5) = 2ng 


We then obtain by the lemma on singular integrals the following estimates 
for p(k, Pi 2 2s ks) 


|P(ky Ps 2 243 ky)| <CN(k, p; 9), 
[p(k +A, p-+l, z,+A,, z,+-A,; kj.) — p(k, Ps 24 233 ks) |< 
<CN(k, p; §)[[h|P+ | 2 |" | A, |* +] A, |), 
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which imply that p(k, p; z,, 2,3 &,,) also satisfies similar estimates but with 
a constant C(|z;—z,|) which vanishes for z,— 2z,. 

The functions (k, P; 2,, 2,3 ks) with any indices a and 8 are treated 
Similarly. We conclude that the functions pQ(k, p; z,, 2,3 k,) and op; z,, z,; 
ks) can be regarded as the components of the elements of) (z,, Zo; ks), which 
satisfy the estimates (9.76). 

By definition of the functions pO (k, D3 2, 23 Ka), 08 (Pas 21 23 Ky), the com - 
ponents of the solutions of equations (9.75) coincide with p,,(k, p; z,, 23 kg) 
and 3,,(p,3 2), 2,3 k,). Then we may infer from Theorem 7.2 that 


I g(Zr» Za: Kp) || < C(lzi — zl), (9.77) 
where C(|z;— z,|) 0 for z;>z,, for any z, ina finite region of II» that con- 
tains no Singular points, and such z, as satisfy |z,—z,|<8, where 3< > minx, 


The estimates for p,(k, p; 2z,, 2,3 k,) and 9,,(p,; z,, 2,3 k,) that are stated in 
the lemma follow from (9.77). This completes the proof. 

The proofs of Lemmas 9.4 and 9.6 follow from Lemma 9.12 and the pre- 
ceding arguments. 


§ 10. Foundation of the time-dependent formulation of the 
scattering problem 
for a system described by the operator h 


In this section we shall show that the operators u™ and aM, introduced 
in §8, play an important part in the description of the asymptotic behavior 
for t>-+o of the solution of the time-dependent Schrédinger equation 


i fO=bf (0. (10.1) 
Theorem 10.1. The operator 
u (t) = exp {cht} exp {—ihyf} (10.2) 
strongly converges for t>-+o, and 
Jim u(t) =a. (10.3) 


The proof is given below. 
Let uS remark that a Solution of equation (10.1) that satisfies the initial 
condition f(t) |..>—=/ may be written in the form 


F(t) = exp {—tht} f, 


so that Theorem 10.1 bears on the asymptotic behavior of the solution of 
equation (10.1) for t>-+o. It may be shown by means of Theorem 10.1 that 
the following formulation of the time-dependent scattering problem is 
meaningful for a system with the energy operator h: 

It is required to find a solution of equation (10.1) which 
Satisfies the condition 


jim || F() — exp {thet} £ || =0, (10.4) 


where f is a givenelement, andto prove that there exists 
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an element /,, such that this solution has the following 
asymptotic behavior for t>+o 


lim | f(é) — exp {thot} f | =0. (10.5) 


Theorem 10.2. The problem just stated has a unique solution, and 
fr=sf_, (10.6) 


where s is the unitary operator defined in § 8. 

Theorem 10.2 gives a mathematical justification for the time-dependent 
formulation of the scattering problem for the considered system. The 
element {—iht}f_ describes for t——o the free relative motion of two far 
removed and noninteracting particles. The solution f(t) describes the be- 
havior of the system during the collision between these particles. The 
asymptotic condition (10.5) shows that after the collision the particles are 
again widely separated and the motion is free. All the information about 
any change in this free motion as a result of the interaction is contained in 
the operator s. This operator is called the scattering operator. 

We now proceed to prove the theorems enunciated above. We start by 
showing that Theorem 10.2 is a consequence of Theorem 10.1. Consider the 


element 
Ff (t)= exp {—iht} a f_. (10.7) 


We shall show that it Solves the stated problem. In fact, we have, in virtue 
of the unitarity of exp {—ih?}, 


|| f(t) — exp {—ihot} f— || = || [wO — exp {tht} exp {—ihot)] /_ ||, 


and by Theorem 10.1 the right-hand side vanishes for t--—o. This solu- 
tion is unique. To see this, Suppose that f,(¢) and f,(f) are two distinct 
solutions. We write fO=—/,(0) and fo—/f,(0). Then 
FO — FP = IAM —-AOWN <A @ — exp {—ihot} || +- 
+-||F,(t) — exp {—ihof} /_ ll, 
and the right-hand side may be made arbitrarily small for t+—o. 
Let us now prove the asymptotic relation (10.5). Writing 


f= f(t) jroo = WP. 


we have, in view of (8.34), 


fO=wlsf_=wf,, 
where f/,=sf_, and thus 


f (t)= exp {—tht}uf,. 


Repeating the above arguments we may now Show that (10.5) is satisfied for 
our choice of f,. This completes the proof. 
In order to prove Theorem 10.1 it is sufficient to prove the following 
Lemma 10.1. Let f, fiEd. Then 


jim (exp {—iht} uf, exp {—ihyt} /) =U, /). (10.8) 


We Shall show that this lemma entails Theorem 10.1. Since the operators 
u™ and wO are isometric 


|| exp {cht} exp {(—ihyt} f— ul ||? = 2 (7, f) —Re (uf, exp {cht} exp {—ihjt} /)}, 
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and here the right-hand side vanishes for t-+-:o if our Lemma 10,1 is 
valid. Thus, the operator u(f) converges on the elements f€%. We con- 
clude, in view of the denseness of the set } in § and the unitarity of the 
operator u(t), that u(f) converges strongly, which proves Theorem 10.1. 

We still have to prove Lemma 10.1. Applying (8.15), we rewrite the 
scalar product on the left-hand side of (10.8) 


(exp {—iht} af, exp {—iht) f’) = 
= (u'® exp {—/hyt} /, exp {—ih,t} f’)) = 
=(f, £')— (k(#0, +0) exp {—ihyt} f, exp {—rhof} f’). (10.9) 


It remains to show that the second term in (10.9) vanishes in the limit for 
t—»-=too. Let us write it out as 


(k(==0, £0) exp {—ih ft} f, exp {—ihgt} /’ = 


ee 
= tn, ( ee ae 


s->+0 


Upon integration over the angle variables and the substitutions f= x, 
2 
~ =y, this integral reduces to 
A A 
I(t, e)=| dx | dy®(x, y) me : 
0 0 
Here A depends on the radius of the sphere in the exterior of which 
f(k)=f' (k)=0. We now invoke the well-known proposition: 
Lemma 10.2, Let ®(x, y) be a bounded Holder function, defined in the 
square 0<x<A, OX Y<A. Then 
lim lim J/(¢, «€)=0. 


f>+04>70 
This is often expressed symbolically as 


exp {itx} 


x id) > 0; t> =o. 


The proof of Lemma 10.1 follows from the preceding arguments and 
Lemma 10.2, 


§ 11. On the time-dependent formulation of the scattering 
problem for a system described by the operator H 


In this section we demonstrate the relation between the operators U®), 
defined in §9, and the asymptotic solutions of the Schrédinger equation 


j LO —_ af (t) (11.1) 
for |t|>o. 

The operators US and U®, «=23, 31, 12 which were used to construct 
U*, map 9, and 9, into %. We shall now construct from these operators 
the closely related operators 0 and B®, which operate within §. To 
this end we introduce a few definitions. 

We denote by k, the identity operator that maps © into H, i.e., the in- 
verse of the E, of §9. Let P,, 2=23, 31, 12, be the projection operator in 
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% on the subspace spanned by the functions 


Falk, P)= Falk) Fa (Par (11.2) 


where f£,(p) iS an arbitrary Square-integrable function. Finally, let I, be 
the operator which maps P,® into §,, assigning to a function of the type 
(11.2) the element £,€,, represented by the function f (p,). 


Our new operators DU and U&’, «23, 31, 12 are defined as follows 


Of = uP; (11.3) 
Oo» — vu LP,, 2a—23, 31, 12. (11.4) 


It is clear that the operators US, US and Of, O© define each other 
uniquely. 

The main reSult of the present Section is: 

Theorem 11.1. The operators 


U, (#) = exp (Ht) exp {—iH,¢); (11.5) 
U. (¢) = exp (iH?) exp {—iH.1f) P. (11.6) 
converge strongly for t++o, and 
Jim Uy (t) = OF, (11.7) 
jim U.() = 0. (11.8) 


Since a solution of equation (11.1) that satisfies the initial condition 
F(t) [29 =f may be written in the form 


f(t) = exp {—iHt) f© = W (2) f, (11.9) 


we see that Theorem 11 1 concerns the asymptotic behavior of such a solu- 
tion for t>=+o., 

Theorem 11.1 is analogous to Theorem 10.1 which deals with the operator 
w (t)= exp {—sh t}} However, there is a considerable difference in the results 
for the operators w(t) and W(t). Comparing (10.2) and (11.5), we see that 
the operators u(é) and U,(t) have a similar structure. The asymptotic ope- 
rators uw and ua of u(#) have an important property, which enables us to 
introduce the unitary scattering operator s=u'**a™, namely, these opera- 
tors possess a common range. The operators Qj do not possess this pro- 
perty. Theorem 9.2 shows that only the direct sums of the ranges of Of", 
0 and of OF”, OF, 2=—23, 31, 12 coincide. 

This difference stems from the basic difference between a two- anda 
three-body system, mentioned in the introduction. In the language of general 
scattering theory, the first system is a single channel system, and the 
second one a multi-channel system. The results derived in the present 
section serve to give a rigorous mathematical meaning to the concepts of 
channel, wave operators and scattering operator for a multi-channel system, 
on the considered example of a three-body system. Namely, it is natural 
to refer to the subspaces $ and 9, of the space ® as channels, to the 
operators U® as wave operators, and to the operator § as the scattering 
operator, All these concepts have been introduced in §9. 

The proof of Theorem 11.1 is, exactly as in §10, based on the following 
lemma. 
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Lemma 11,1. The following propositions are valid: 
1. Let f(k, p) and f'(k, p) be finite smooth functions, and let f(k, p)=0 in 


the neighborhood of the singular surfaces p+ PF ml, Then 
Jim (exp{—iHt) OS f, exp {—iHyt} £)=(/, f). (11.10) 


2. Let f(k, p) and f'(k, p) have the representation (11.2), t.e., fEP,D 
and f'EP,S, and let f,(p,) and f,(p,)— finite and smooth Junctions, where 


f,(p,)=0 in the neighborhood of the singular surfaces —x*+- = » Then 


Jim (exp {—iHt} Bf, exp {—iH.t} P.f)=(P./, P./)- (11,11) 


Before we go on to prove this lemma let us show that it entails Theorem 
11.1. The operators Us are isometric, and US’, 2=23, 31, 12 are partly 
isometric, since O0{* and Uf’, a—23, 31, 12 are isometric. More exactly, 
the following relations hold 


(O*% T=. £); 
(O24, US) =(Pof, P.f). 
From these relations we obtain 
( [Uo (4) — OS J ¢? = 2 [ f)? — Re (exp (—iHt) US, exp (—iHbt} f)]; 
|{U.(t) —O] sP = 2 [| P.f[/ — Re (exp{—iHt} US f, exp (—iHat} P.f)]. 


By Lemma 11,1 the right-hand members vanish for t+ =o, and we con- 
clude that relations (11.7) and (11.8) are satisfied on dense sets. On account 
of the boundedness of all the operators involved these relations may be ex- 
tended throughout the Space. Theorem 11.1 then follows. 

It remains to prove Lemma 11.1. Comparing the definitions of the 


operators H., A, and L, 2=0, 23, 31, 12, we find that 
H, = Ayb, H.P.—L ‘ALL. 
Applying (9.48) and (9.49) with p(x)=exp {itx}, we get the following relations 
exp (iHt)} 0S = UF exp (iHot); 
exp {/Ht} 02 — US exp (/H.t) P.. 


which enable us to write the expressions on the left-hand side of (11.10) and 
(11.11) in the form 


(US exp {—iHot} f, exp (—iHot} f) 


and 
O exp {—iH.t} P./, exp {—/H.t} P, f’) 
respectively. 
It is sufficient for the proof of this lemma to show that 
[ (6) = ((0S — E] exp (—iHot} f, exp {—iHpt} f’) (11.12) 
and 
IS? (t) = (OS —P.] exp (—iHat) P.f, exp (—iHat} Po’) (11.13) 


vanish for t>+o, if f and f’ have the properties required by the conditions 
of the lemma. Let us first consider (11.2). By the definition of U® (cf. 
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(9.26)) this may be rewritten in the form 


I(t) = lim > hes (t, &), 
2>+0 


where 


eee eee kK’ 7 
last, )=—[ FE, Plotter (ky pi k's p's e+ P+ ae) fle, p') x 


ke p2 e p 
exo fant Be tbe ; 
k2 p k” p’ 
2m 2n 2m -2n 
Introducing the notation 
ke pe rn See 
om 2n— ”—s m 2n =Jy 
and 
® ae | eee 
ee a ae me 


x<XMag (k, pik’, p; oP + ic) UR, py? (x 4+ — y) dkdpdk'dp’, 
we may write lg(t, ©) in the form 
A A 
Ialt, =| dx] dy®a(x, y; 2) EZ | 
0 0 


One eaSily verifies that the function 
t ' foot k” p" ° 
mag (k', p's X; e) = | Mas (k, pk’, p; an * on ie) x 


x f' (k, p) 3(- +5 — x) dkdp 


encountered in the construction of ® (x, y; ©), may be expressed aS a dif- 


a oy ie and 
Z=x- 10. Hence this function possesses the properties stated in Lemma9.1. 
In particular, it follows from this lemma that mag(k’, p’; x, ©) is a smooth 


function of all its arguments for any k’, p’ which lie in a bounded region that 


A 


ference of functions mag(k, k; z,, z33 f'), (cf. (9.17)), with z,;= 


Pi] 


k . : 
= tf hy Since f(k’, p') vanishes 


in the neighborhood of theSe surfaces, the product 
(ek, p’) mas (k’, P’, x, e) 
iS a Smooth bounded function for all values of its arguments, and, conSe- 


quently, the same goes for Q(x, y; «) too. From Lemma 10.2 it now follows 


that [{P(t) vanishes for t+ =o, which proves the first statement of Lemma 
ae 
Consider now (11.13), written in the form 


(4) (4) = |i T 
PO=lim Dal 9. 


does not contain the Singular surfaces 


where 


Fa (t, ®) = — | Paka) fa (Po) pe @ Ps Py Pe wis) F065 x 


| ; | Pa p. } 
ex U 7, aaa 
x aU ban, ned! aedpdp,. 
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Let us express of’, in terms of the components %, and #, according to a 
formula of the type (5.23). We obtain 


, | pee | 
— f oAP ; Qn, 2ng : , 3 Par e 
Ig(t, ©) = — ele) fa(Pa) La (Pa) Fgh k, Ps Ps —H A gis) + 
Bg SPE ee ae : 
2m * In * *e— 2n, ie 


3 
» ¢ Pe e 
#9 (tp) # pu @ Poi —%*e+ On + .) 
+ = = dkdpdp,. 
2 Pa 2 


LA Ed ee 
aha Og 2n, * ** 


The product of the singular denominators may be written as 


The functions in the numerator of the integrand in ie (t,e) may be as- 
Sumed to be smooth. Though the components of the kernels 2?/,, are sin- 
gular when z=.,, these Singularities disappear Since the function /,(p;) 

12 


Pa 
On. —= 1 The 


contribution of T ge and W on from the first iterations of the system (3.20) 
cannot destroy the smoothness, Since by Lemma 6,5 the corresponding 
kernels admit no Secondary Singularities for z values in the neighbor- 
Pa 
2n,° 

If a-4B, we may take p, and p, as the integration variables in the estima- 
tion of Lg (t, e), In integrating with respect to p, we have an ordinary Singular 


integral. After this integration /,, becomes 


vanishes by definition in the neighborhood of the surfaces —x?+- 


hood of —x?+- 


2 a 
Pe Pa 


I(t, )= i ® (Pus Pai ©) yi EE One t} dp.dp, 


where ®(p,, p,; &) is finite, Smooth and uniformly bounded in e. Now by the 


Riemann-LebesSgue lemma Ig(t, e), 2-48, tends to zero uniformly in e« as 
|t|> OO. 
If a=, we take k&, and p, aS integration variables. The term with the 
2 — 
denominator a becomes upon integration with respect 
to k, a smooth function of p, and p’, and its contribution to /,, vanishes for 
|t] oo. The remaining term is Simply the normalization integral for the 


function 9$,(k,). We finally obtain for |t|— 


12 


[H(t)= lim (Ke I on & Pp.» —* + ze 4+ i] t,(P2) X 


pip poop, = 
x a ca | On. — On, — e| dp,dp, + 0(1). 


By Lemma 10.2 the first term vanishes for t~-=o, which confirms the 
second assertion of our lemma and completes the proof. 
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APPENDIX I 
Properties of Hdlder functions 


In this appendix we prove the propositions concerning Hdlder functions 
stated in §4. TheSe statements refer to functions f(k,, ..., kn, 34... +. 2m) Of 
n three-dimensional and m complex variables. Here it is convenient to 
designate collectively all, or almost all, of these variables by a single 
letter and refer to functions f(r), defined on a metric Space % and having 
values in the metric space $. We denote by |x—x’| and [f(x) — f(x’) | the 
distance in ¥ and %, respectively. 


Lemma lI.1. Let f(x;, x2) be a function defined on X@X with values in 
J, and 
F(a 2) — Fs x2) < C(x — 2, P+ | re — 22 |"). (1.1) 
Then 
f (x) =f (x, x) 
satisfies the condition 


f(x) —f(r') |< Cixr—x Py [x—x'[ <1, (1.2) 
where »=min (p,, Bs). 

The proof follows immediately from the following sequence of estimates 

Lf (x) — f(x’) =I (ee) — fe, e') | Sf le, Df, 
+ |f(x, x) —f(x, x)| CC fxm xl fx — x’ () <Clx—-x' |. 

Lemma I.2. Let * and 8 be two, generally different metric spaces, 
and let f(x,y) bea function defined on XQ with values in F, which 
satisfies the condition 

f(x,y) —F (xe. yy) |< C(lx— x’ P+ y—y’'l’). (1.3) 
The following estimate is then valid 
Ifa yw —flxy)—fle yf, y) |< Clr x Pll y—y PON, 
0<7<1l. (1.4) 
Proof. Let 
baa Sly Say | 
Then 


[f(x,y —f lx.) HAO yd HSK DI SIA ley) — fl oI + 
+ifle, y—f, I< Cly—y<Cly—y [OM < 
<Cjx—x' Pt iy—y Pan. 


The case |x—-x' | <|y—y’'|’ may be treated similarly, if on the left-hand 
side of (1.4) the first term is grouped together with the third, and the second 
with the fourth. This completes the proof, 
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Propositions I and II of § 4 follow from the preceding lemmas. We now 
pass to the proof of proposition III, i.e., the lemma on Singular integrals. 
While the required result could not be located in the literature on singular 
integrals, it is not difficult to reduce it to known results. 

One uSually considers Singular integrals of the type 
o(= fF 
T 
where the contour y lies in a finite region of the complex plane. In order 
to assure that integral (1.5) has a meaning for any z up to the contour, we 
impose the Hdlder conditions on ¢ (ft) 


dt, (1.5) 


lIp(e)l<C; le(t)—e(t)|<Cle—e', (1.6) 


where |t—?#'| is the length of arc between the contour points ¢ and @’, p an 
index, O0<u<l. If condition (1.6) is fulfilled for arbitrarily small |t—f'|, 
it is also fulfilled for any distance between ¢ and ?¢’, 

The integration contour is in our case a Straight line extending to infinity. 
Then conditions (1.6) must be modified by the addition of conditions at in- 
finity. We impose the following conditions 


le(i<eC(l+yep-; 
le(t+)——(t)| <C(l+ fey. (1.7) 


It is asSumed here that 9(¢t) is defined on the real axis —w<t<o, that /1 is 
a real number, and that 6 and w» are such that 0<0<1; O<p<l. If (1.7) is 
fulfilled for arbitrarily small |/]|, it may considered to be fulfilled for any 
|4| <A, where A is a fixed finite number. However, the corresponding 
constant, generally Speaking, increases together with A. We shall usually 
assume (1.7) to be satisfied for |2|<«@1. We introduce the definition 

le(er D=o (1) en 


Wel, = sup +ien{ieol+ , 


oe tpb[<l 
The following proposition is needed: 
Let 9(t) be defined on the real axis ~w<Ct<o, with ||¢lle,.,< © and 
¢ (t)=Ofor |t]}2A. Then 


rs) 4 
® (z) = j toa= [ee 


is an analytic function of the complex variable z throughout the plane slit 
along the realaxis from —A to A, and the following estimates are valid for 
any z in this plane: 
[P(z)(<Cilell,,d+lzl)—. 
| (z+ d)— H(z), <Ciloll,,(@+ iz) 4 


where C depends only on A and a. 

These estimates are obvious for |z| 2A, since for Such |z| the integral 
is nonSingular. The proposition follows for small |z| from Privalov's 
known lemma on the Cauchy principal values of integrals with a Hdlder den- 
sity, and from the maximum principle for analytic functions, The proof of 
Privalov's lemma and other properties of singular integrals needed for the 
proof may be found, e.g., in /11/. We will refer to this proposition as 
Privalov's lemma, 
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We now apply Privalov's lemma to prove 
Lemma I,3. Let »(t) be defined on the real axis, and let IP (t) Ho p<. 
Then the function 


© (2) = {2 ae (1.9) 


is analytic in the upper and lower half-planes, continuaus up to the real 
axis, and the following estimates are valid for any z with lmz>0 or 
Imz < 0: 


|P(z)I< CH ely dele 
[© (2+ d)— (2) <Cllell,,~d+lzl— “ap, (1.10) 


where 6 may be taken arbitrarily close to 6 from below. 
Proof. We uSe the uSual notations 


x==Rez, y=Imz, p=jz|, 9=argz, 


so that 
z==x-+ iy =pexp {ip} =p cos ¢ + ip sing. 


Consider, say, the caSe y>0, and divide the upper half-plane I) into 
strips II‘), defined by 


u 
[x—anl<g, 


where n asSumes positive and negative integral values 


Tl wee, —2, —l, 0, l, 2, 
Let 7(t) be the cutoff function 
a _| |t} <1, 
LO ltl > 2, 


O<n(th<1; JV(H|<C 


Consider the case z€II™ for some fixed n. We express ®(z) as 


n (¢—n) f(t) n) F(t) [ Males |, 

[ae t—z ag t—z = of”) (z) + of) (z) 
—0O 

and estimate each term Separately. The denominator in #$")(z) is nonsin- 

gular, so that ®{"(z) is analytic in I, and 


® (z)= 


n—1 foe) 
| #2" (2) < Clie ly (1 = [ Jarientae— ate tre < 
—0O n+) 


<Cilellgy | ¢—lxb (P+ y?)"2 dt < Cle, p 
"la 
If p21, we may change the integration variable in the last integral, 


writing t=pt’, and obtain 
@ 


[2 (2)|<C ie lle, we? J pe —jcose | A(2 + sin®g)-de<C lp lp, yo InP. 
1 


2p 
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In the last or it is necessary to consider Separately the caSe sin?¢ > + 
and sint?o< > J. 
We finally obtain 


| o") (z)| <C lj ella, + lzl” (1.11) 
Similarly . 
d — — 
ge Ofte) <C\l? lle. | | t = |x| 8 (4? + y?) lade <C|lP lle. (l+ 2 |)—*. (1.12) 


ts 
Consider now #™)(z). We make in the integral of #!"(z) the substitution 


F U=t—n” 
and write 


If zEli*), then 


|z’| >lyl. 
We obtain 
2 


o{*) (z) = 8") (z') = [ fatty dt. 
where 
Gn (t) = (¢) p(t -+ 1). 
The properties of »(t) imply that 
lén(1< Cle, ,(—+laty-, 
lat +1) —Ga(t)1 Chola + inl). 


The following estimates are obtained from Privalov's lemma 
LB) (c')| < Cle, , d+) alyPdely|yo, (1.13) 
| BO) (2’ + A) — B (z’) | < Choy + jaly day ly pal. 
It is clear that for zé TI 
(l+{nl|yP(d+{yl)7 <Cd+fz|)* (1.14) 


It follows from (1.13) and (1.14) that pt) (z) satisfies the estimates (2.10) 
for z€0*’. The same statement for © follows from (1.11) and (1.12). 
This implies, in view of the arbitrariness of n, that the estimates (].10) 
are valid for ®(z) with any z. 

This completes the proof. 

Consider now the Hélder function f(q) of the three-dimensional variable 
gq. We assume that f(g) Satisfies the conditions 


lf (9) | < CM (q), 
lf (gq + A) — f (q)| < CM (gq) Al, (1.15) 


where 
M (q) > 9, | d2,M (q) <(1+[q)7~. 


Here A iS a three-dimensional vector, |A|<1, and @ and p satisfy O<#<] 
O<cp<l. We write 


hy — 
Ile, p=, sup Ma {1f(@) I+ Fig EN | (1.16) 
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Though this notation resembles that of (1.8), misunderstanding is un- 
likely to occur. 


Lemma I,4. Let m>0. The function 
f (9) 


g2 
2m? 


® (z) = dq (1.17) 


is analytic in the complex plane TI,, slit along the positive real axis, and 


for any z in this plane 
I 


1% (z)1< Cf, d+lze) #7, 
Q’ 
| ®(z4-A)—(z)| < CI fl, ,~+lzl) 7) ay. (1.18) 
Here v=min (5. r), and # may be chosen smaller than 6 and as close to 


it as desired. 
For Rez<—1, '(z) satisfies the estimate 


. (i+ 5) 
| © (z)| <Cifly, (+12!) (1,19) 
Proof. ®(z) may be written in spherical coordinates as 
Cc qidiq\ 
® (z)= totale eal). (1.20) 
“a. 2 
where g, am 
$(1al)=lal | apf a. (1.21) 
Writing t= sor and 
m3(V2mt), ¢ > 0, 
eo=| 0, t<0, (1.22) 
we obtain the representation 
t 
(p (z) = PE at, 
—o 


It may be deduced from (1.15), (1.21), (1.22) that 
6 


e()1< Cif ,+itl) ®, 
6 
le(t+DQ—e(thi<Ciifle,G—+iel) * i, (1, 23) 


1 
where v= min (., 3) . Let us derive the Second of these estimates. Let 


1 
[Z| <9 ltl. If «<0, then t+/1<0 and 9 (t)=9(t+/)=0, So that it is sufficient 
to consider the caSe t>0. Then 


140 


p(t) ~ 9) |< Clty MOT lose 


_ i+? a | EL 
+ Ve [veal —ve [P+ ie{) | <ccith.(+lel) ? irae, 
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1 
If, however, |/| > 9 ltl, then 


es _isé 
een —eintc (iene ihe ell) 7 < 
8 4 
<Cifl,d+iel) 71’, 


which completes the proof of the required estimate. 

Thus 9(t) satisfies the conditions of Lemma ].3, and @(z) is therefore 
analytic in the upper and lower half-planes and satisfies in each of them the 
estimates (J.18). It is obvious from (1.20) that ®(z) is analytic in the neigh- 
borhood of the negative real axis, so that the estimates (1.18) are valid in 
the plane Il). 

It remains to prove the estimate (1.19). We readily verify that 


le@(lal) I< Cif ,pd+taly, 


whence 
(ee) 


|’ (z)|< Clift, »| rdr (1+ yl (F — x) sy] 


0 


This gives for r<0 
, (4 
|S’ (z)| <Ciifleylzl 


and thus (1.19) holds for x< —1. 
This completes the proof. 
Proposition III of § 4 follows from Lemmas ].2 and 1.4. 


APPENDIX II 
Estimates for some integrals 


We shall derive here estimates for three integrals which appear in the 
main text. 
We encountered in § 4 the integral 


Hk. 1g], D=]d2y(l+ik—gl). (11.1) 


Lemma II,1. Let §4<2. Then the following estimate holds for I(k, \q|, 9) 


IM(k, lal, 1) < C+ ki) (1+ tg i), (II. 2) 
6, + 6, =— 64, 
Proof. In spherical coordinates the integral /(k, |qg|, 8) assumes the form 
1 
I(k, 1g], = 2x | dnfl+ (2 —2kllol ag "T , 
=} 
which is Symmetric in |k&] and |q|. Consider the two cases 
1. |kl <1. Then 1 


Mk lal, |< 2x | dy <n. (11.3) 
ae 
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2. |k| 21. Then 
: 8 


[7(k, la], 8)| < an [ an (2-21 kllg) +a) 2 
—l 


_ _2t (de{+ia (Po? —lkl-tgl ie 1 Qn (1+t)?*-—j1-—2/?°* 
— 2-6 lAlIq| ~ jee 2-8 t , 
where a One eaSily verifies that if O<a<2, then 
(1+ ¢)*—J1l—reye 


is uniformly bounded for 0<t<o, which implies 
\1(k, |q|, |< Ciel (11. 4) 
for 6<2. By (II.3) in conjunction with (11.4) we obtain 
LT(k, lq}, DI <C(l+] kl), 


Now (II.2) follows in view of the symmetry of / with respect to |k| and |qI. 
This completes the proof. 
Also in § 4 we had the integral 


I(ay=| (+19) +19—a| Pag. (11.5) 


Lemma II. 2, Let a<3, <3, and a+ 8>3. Then 
[I (a)| <C(l+[a|) “9, (11.6) 


Proof. We consider the two cases 
1. Ja|<1l. Then 


[M(a)| <C[(1+1 glug < , (11.7) 


since a+ B>3 by condition. 
2. |a|>1. Then 


(a) < flqi*lg—alBdg < [alts | |q![-* lg’ —a|-8 dg <Cjal+#-s, (11.8) 


Here g’=|alg, and fo Now (II. 6) follows from ({I.7) and (1I.8), which 


la|° 
completes the proof. 
In § 6 we encountered the integral 


I (a, by =| (1+ 9211+ |g—a |) (1 +g — 81) Pde, (11.9) 


Lemma II,3. Let 1<8<2. Then 
|7(a, b)| <C(1+|a})—, (11.10) 


Proof. In spherical coordinates we have 
foe) 
Ir(a, BL | dlgl{ dy +ig—al d+ ig—aly. 
0 


We take 8<1, such that 6+38<2, and estimate the integral over the angle 
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variables as follows 
[do, (1+ )q—al yA +1g— 1) %< [dy (1+ 1g—aly "+ |g— 51) x 


ee 7 at 
X (1+ il¢al— lll) <C(l+ja|)"“(+igliy~ (d+llgi—jatl) ?. 


— |i+ 
Here we relaxed the estimate, replacing (1+]q—61!)7* by (1+|q—54]|) | 2 
and used the trivial inequality 


(+lq—4|)°<(i+ilgi—1ally, 8>0, 
aS well as Hdlder's inequality with suitable indices, and Lemma II.1. We 
finally obtain 
© 8 
=01- 52283 +s a) 
\H(a, b)} <CU+ fal y| dex F(1+ [x —18]]) <C(l+lal). 
0 


This completes the proof. 


APPENDIX III 
Proof of Lemma 6.2 


We Shall now derive estimates for the integral 


f(q) dq 
I (a, 8, &, =| teste oa (111.1) 


which appeared in Lemma 6.2. Here a, 6, q are three-dimenSional varia - 
bles, 4 are complex variables, and f(g) a Hélder function which satisfies 
the conditions 

f(a <C; |fla+h)—flg)|<ClaAle (111.2) 


and vanishes outside a sphere with radius of the order of VR, where R>1 
is a fixed number. We shall be interested inthe explicit dependence of all 
the estimates on R. 

We assume that a, 6, &, 7 vary within finite regions of the three-dimen- 
Sional space and of the complex plane Ip, and that 


a? <CR; b2? <CR; |&| <CR; |4|<CR. (III. 3) 
It is sufficient to consider the integral (III.1) for 6=0, i.e., 
= f (9) dq 
I (a, g, 7) =| ((¢ — a)? — ET [q? — 7) (III. 4) 
Since the general case, for b’¢0, may always be brought to the form 
_f__flg+b)dq_ 
I (a, b, a =| teat {92 — 7} (111.5) 


by the Substitution q’=q—6, a’=a—b. The smoothness of this integral 
with respect to the variable 6 in the numerator follows immediately if we 
can eStimate the integral (III.4) by means of the constants of (III.2) and R. 
Otherwise the form of (III.5) is exactly as that of (III.4). 
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The integrand of (III.4) contains two singular denominators, and the two 
Singularities are in general inseparable. It is therefore natural to look for 
a system of coordinates in which these denominators would depend on dif- 
ferent variables. The spherical coordinates around the vector a as axis 
are Suitable for this purpose. 

Let us carry out all the steps of this change of variables in (III.4). Let 
91, 92, 93 and aj, ag, ag be the CarteSian components of the vectors q anda 
in some fixed system with axes O;, Og, O3. It may be assumed without loss 
of generality that as>0, otherwise we Simply reverse the Os3-axis. We 
now pass from the integration variables gq, 92, g3 to the new ones s, s, ¢, 
according to the transformation formulas 


Gy == 44)r V1] —s2sin — -+ aor V1 — stcos p -+ aj9rs; 
92 = Aq;r V1 — s2 sine + agor V1 — 82 cos 9 + aggrs: (III. 6) 
93 == 451° V1—s2sin Y -+ agor V1 — s2cos P + Aggr8. 
Here a,,;, i, j=1, 2, 3 are the elements of the orthogonal matrix which re- 
presents rotation of the initial rectangular axes around an axis perpendi- 


cular to both the O3-axis and the vector a, so as to align the new O3-axis 


with a. The a,; thus depend on the direction cosines of the vector a rela- 


tive to the old axes, which we denote by 4), ad, G3. These are the com- 
ponents of the unit vector along a: é=/o)- The explicit form of the matrix 


ja,;(a)l| is 


res i) ae 
34 T+ a ~ l+ & a 
I as; (a) j= de - ay . ° 
1+ 43 3 ] + 43 a2 
—a, — a9 a3 
Note that 
1 
\a;|< 1; |grada,| < la 
whence 
C 
la,;(a)| <1; | grade2,;(a)| < Ta) (Ii1.7) 


excluding the neighborhood of the point é3= —1. 
In the new variables r, s, » the integral (III.4) assumes the form 


© l 
r2dr ® (s, r, a) 
Mat w=) aay | amet e oe ee 
0 —l 
where 
2x 
®(s, r, a) =| f(a) de, (111.9) 
0 


it being understood that the variables qj, qo, 93 in (III.9) are expressed in 
terms of r, s, g via (IIJ.6). The integral (III.8) contains two singular de- 
nominators, but one of them depends only on r. It is therefore possible 
first to consider the integral with respect to s as a function of all the varia- 
bles and then use the obtained results to estimate the integral with respect 
to re We must first check the smoothness of the function ® (s, r, a). 
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Lemma III,1, The function ® (s, r, a) 1s a Holder function of r and a 
for fixed s, satisfying 


|P(s, r, a)| <C; (111.10), 
[d(s, r+A, a)—(s, r, a)| <ClAIe; (11.10), 
7 __1Alt 1 
|@(s, r, a+h)— ®(s, r, a)|< CR? aE’ (111.10), 


Here a+ 6h denotes the point with the coordinates a, + 0;h,, a2 + She, ag + 85/3, 
where 6,, 6, 8, are certain numbers, 0<@;<1, i=1, 2, 3. 

Proof. The first two estimates follow directly from the properties of 
the function f (q). To derive the last estimate we consider two cases: 
_— - since agz20, so that we may apply the 
eStimates (III.7) and the mean value theorem in order to verify that 


1 
1. |Al<-—ylal. Then a3+hy> 


h 
lacy (a+ A) — 245 (0) |< Ce (III.11) 


1 
2. |hk|>pqla|. Then 


2\A 
[a,5 (a+ h) —a,,;(a)| < (lazy (a + A) | + | 24; (2) |) val <C 


which is a particular case of (III.11) for 6,—6,—6,;—0. We thus find that 
for any A 
| ® (s, ry, a+h)— 9(s, r, a)|< 


< Cr? rae |a,; (a+ A) — a,;(a)\* < CR la+ 0A FF 


This proves the lemma. 


Lemma III, 2. The function ®(s, r, a) ts a Holder function of s for fixed 


r and a, and ‘ 


|® (s+ A, r, a)—® (s, r, a)| < Cre Al? . (111.10), 


Proof. Let us first assume that f (g) is a continuously twice-differen- 


tiable function 
| grad f (q)|<C,; | grad? f (q)| < Co. 


We will show that ®(s, r, a) is in that case differentiable with respect to s, 
and 


re) 
pe Pls, ry a) < C (Cyr + Cor?). (1II.12) 


By definition of ®(s, r, a) we have 
2n 


0 of (9) a9). 2 
—s re) 0 
air Fegeos e+ trae | ge (od + ae (ef (111.13) 


The terms indicated by dots are analogous to the first. It follows 
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immediately from (III.13) that 


r 
< ———— . 14 
The factor (1—s2)—4 on the right-hand side of (III.14) may be dropped. In- 
deed, consider a typical term on the right-hand side of (III.13), containing 
the singular factor 


0 
ae ® (s, r, a) 


2n 
of (9) . ay4rs 
c(s, r,a)= | dp og; sin 9 a 
The function Lo) does not depend on » for s=<1 and the integral of sing 
1 


over a complete period vanishes. We now build up this argument into a 
rigorous proof. To be definite, let us take s>0. We then have 


) : @))rs _ 
sa=1) 519? as er — 


2n 
0 d 
e(s, r, a) = | dp (50 _ pn 
0 


a3)rs 


2n } 
of 
= J ee | agraar sme 
iH) 8 


Repeating the derivation of (III.14), we find the following estimate for the 
second derivative that appears in the last expression 
age 
0q\0s 


r 
< CC, AS’ 


which gives ; 
d 


‘ 1 
le(s, r, a)| < CCyt | ae Vie < CCor?, 
; Vi—s 


and hence (III.12) follows. 
Let f(g) now satisfy only condition (III.12). In this case we may choose 
for f(q) a mean-valued f,(q) Such that 


[f(q)-—fala) |< Cla; 


C C 
| grad fx (9)! < jppimwi | grad? fy(g) | < ae" 


We construct the function ®,(s, r, a) from fy(q) according to (III.9). We now 
have 
|®(s +A, r, a) — P(s, r, a)| < | P(s+A, vr, a) — Oy (s+ A, 7, a) | + 


+ |@(s, r, a) — Py (s, r, a)| + | Py (s +A, vr, ac) — Oy (s, vr, a) 1 < 


r r2 
< al Biro (a= + in) a]. 


Taking for the averaging parameter h=rA", we finally obtain 
Lad 
|D(s+A, r, a) —(s, r, a)| <Cr*| |? 
This completes the proof. 
Having clarified the behavior of the function ®(s, r, a), we may turn to the 
study of the internal integral in (III.8), which has the form 
1 
® (s) ds 
r2—2/alrs+az—éE- 


Pana 23 | (111.15) 
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Here and in the following we shall occasionally omit to write the arguments 
r anda of ®(r, s, a). The integral (IIJ.15) is an ordinary singular integral 
over a finite interval, and has therefore known logarithmic Singularities. 
In order to Separate these Singularities, consider a smooth interpolation 
function »(s) having the properties 


1 eS ae 
~~) _) 2 9 
9 (s) = 
—1 
le(s\I< 1; le (s) 1 <5] eo’ (s) 1 <C. 
We now Split ®(s) into the Sum 


® (s) = ®, (s) + o(s), 
where 


1 1 
Po (s) = ze 1j+® a j+gle—n-e@ Jews) (111.16) 
and 


®; (s) =  (s) — p(s). 


The function %,(s) vanishes at the ends of the integration interval; ®,(s) 
is differentiable with respect to s. The function ®,(s, r, a) alSo vanishes 
for r—+0O, or more accurately, satisfies the estimate 


| D, (s, r, a)| < Cre. (111.17) 


To see this, note that d=@(s, 0, a) does not depend on s or a, and is 
thus a constant. Adding and subtracting this constant in Suitable places, we 


obtain 
| P (s, r, a)| < | ®(s, r, a) —d|+ |® (1, r, a) —d|+|%(—1, r, a)—d|, 


which in view of (III.2) implies (III.17). 
We consider separately integrals of the type (IJI.15) with ®,(s) and ©, (s) 
in the integrand. In the caSe of ,(s) it Seems natural to integrate by parts 


1 1 
d 1 
I(r, a,b) = | 2 (s) ey ere: ~ 2ialr | Po(s)dIn(r?2 — 2|a|rs-+ a2? —§f)= 
—1 


—!) 


1 
= \alr ® (—1) In [(r + | a |)? — €&] — ® (1) In [(r — | a |)? — EJ + 


1 
+516 (—1) — ® (1)} | yomeaieine eval (111.18) 
| 


Here we have chosen that branch of In(—z) which is single-valued in the 
plane slit along the positive real axis and satisfies the condition 
Im In (—w2 + i0) = —Im In (— w? — 10). 


The last integral on the right-hand side of (III.18) may be rewritten as 


l 
1 
4\alr [ (—1) — ® (1)] [-maielr« [avome—o| , 
—I 
where t= t(r, a, §) stands for the expression 
r2 + q2?—€& 


= 2\al|r 
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The integral with ®,(s) is also conveniently expressed in terms of t(r, a, §): 


] 

©, (s) ds 1 iG 

h(r, a, = | r>—2|a|rs+a?—§& =~ 2lalr | a0) SSS. 
ei “1 


Our next problem, accordingly, is to examine the dependence of f(r, a, §&) 
on itS variables. 


Lemma III, 3. The following estimates are valid 


A 
t(re a, Ee A)— tle a, HIS C TL (111.19), 
A 1 
|\t(r +A, a, §)—t(r, a, ai<cr tit; A< ori ({11.19), 
| A| : 
lt(r,a+h, &)—t(r, a 8) |< CRIT aay (II1.19), 
CR 
[t(r, a, &) |< tole (111.19 )4 
Proof. We have 
4 Jal, 
[t(r, a, +d) — er, 8)1<|—gre| <C par 
a2 + r2—F a2 + r2—E 
l\t(r,a+h, &)—t(r, a, El < Qlaekir Otel ae 
a? — (a + fh)? CR |{a+h|—lal]| CR | A| 
= 2\a+Alr r lall|a+Al sor lalla 1 ’ 
|a2-+ r2— E| CR . 
jt |= 2\alr < lal|r ’ 


the estimate (III.19), is proved analogously to (III.19)3, keeping in mind that 
1 2. 1 

ak <7 if [Al<or. 
This completes the proof. 
We now return to the integral (III.15). 


Lemma III,4. The integral I(r, a, §) may be represented as 


1 
V(r, a, = Bap (2f (—ra) tn [(r + | a |)? — FE] 


+ 2nf (ra) In [(r — | a |)? — €] + P(r, a, €)}, (III.20) 


where f(q) is the function appearing in the integrand in (III.4), and #(r, a, é) 
satisfies the estimates 


HF 
oO r 
|P(r, a, 8)1< CR” Toe: (111.21), 
| FP (r+A, a, &)—M(r, a, &)| <CR * ae (III. 21 )o 
la|? 
% Ai 
IF (r,a+h, &)—F(r, 0, &)|<CR* Tepe: (III. 21), 
» 
—< 141? 
| P(r, a, §+A)— P(r, a, &)| < CR = (111.21), 
2 
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Proof. The first two terms in (III.20) come from the corresponding terms 
in (III.18). It is sufficient to observe that 


2x 
& (—1) =| def (—ayr, —aer, —agr) = 2nf (—ra) 
0 


and similarly 
® (1) = 2nf (ra). 


All the remaining terms of /(r, a, §) are gathered up in #(r, a, &): 


P(r, a, &)=2[f (ra) — f(—ra)] In2\ alr + 


+ n[f(—ra) — f (ra)]$}; (t) + f(r, a, 6), (III. 22) 
where 
1 
(= | 9 (s)In(e—2)ds (111.23) 
—l 
and ; 
Yo(r, a, th= | Ate te a) ds. (II. 24) 


al 


The behavior of the functions ¢ (t) and ¢.(r, a, t) iS easy to deduce. Thus 
we have the eStimates 


IW (i < C+ [ey (111.25), 
Iv (t+ A)—$ (t)| < CIA; O<v<l; (111.25), 
and 
Ife(r, a, t)| < Crt; (III. 26), 
a 

Ibe (r, a, t+ A)— de (r, a, th] < Cr / A]? (II. 26)» 

The estimate (IIIJ.25) follows for |t]>2 from the simple estimate for Inz 

1 44 

IInz| <C(jzi+ 77), (III.27) 


where 5>0 is, as uSual, an arbitrarily small number. When|t!<2, we 
may once more integrate (III.23) by parts and make use of the boundedness 
of 9”’(s). The estimate (III.26) follows from (III.17), (III.10) and Privalov's 
lemma as Stated in Appendix I. 

Let us write down all the remaining estimates for the functions that 


occur in &(r, a, §). We estimate the Hilder differences with index 5 Since 


this index appears already in (III.26)5. It follows from (III.27) and the 
formula for finite increments that 


1 1 
[In 2]a|ri=|In2-+Inlaj-+inr| <CR'(— a + 4); (IIT.28), 
i 
s AL? 1 
[In 2{a| (r+ 4)—In2|a|r| < CR°—— ; O<l[4/<9r; (III. 28), 
— +6 
2 
r 
+ 
h 2 
|In2}a+h|r—In2|a|r| <CR® | = : (III. 28), 
aoe 
la+ 0h]? 
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Further, we find from (III.2) that 


lf (ra) —f((r+4)a)| <ClAP; (111.29), 
If (r (4+ h)) — f (ra)| < Cr? m (III. 29)» 
Ja|? 
To See how the Second of theSe eStimates iS derived, note that by (III.2) we 
have * 
ath a + ath a |" 
G la+h| )—s( rat) | < er ja+h| ~ fajl ° 
The last factor may be eStimated as follows 
ath a a ath 1 1 [A| 
la+h| lal |< fal Jal [+ lo+h| la] lerAal |< c lal’ 
which implies (III. 29)». 
The function f(ra) occurs in (III.22) through 
g(r, a)=f (ra) — f(—ra). 
Applying (III.2) and (III.29), we obtain for g(r, a) the estimates 
le (r,a)|< Cre; (111.30), 
ae Aue 1 
lg (r-+4, a)—g(r,a)| <Cr*JA|*; lAl<or (III. 30), 
oak 
ia lA 2 
lg(r, a+h)— gir, a)|<Cr? (III. 30), 


Finally, ¢(r, a, t) is for fixed ¢ a Hélder function of r and a with some index 
Smaller than p, and with the Same eStimating functions aS ®(s, r, a), whence 


ios 
Ide (r+, a, t)—$o(r, a, t)| <ClA’; (111.31), 
# 
Sa [Al ? 
lYo(r, a +h, t)—$2(r, a, t)| < CR * ————_-. (III. 31), 
|a+6h|* 


The eStimates (III.21) follow from the preceding estimates for all the 
functions entering in (III.22) and from the estimates (IJI.19). For example, 
the eStimates (III.28),, (III.30),,. (111.25), (111.19), and (111.26), give 


—5 


r? 
| P(r, a, &) | <CR® 


rar? (IIT. 32) 
a 


Setting here t=+) we get (III.21),. In order to derive (III.21),, we con- 
Sider the two cases: 


1 
1. |A|<or. We apply (II1.28),, (III.28),, (111.30), (III.30),, (III.25),, 
(111.25 )o, (I11.31),, (I11.26)o, (III.19)5, and obtain 


B p » 3p 7 
aie Aizen a 2 
| P(r + A, a, &) —P(r, a, &)| <CR? es | 
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1 
2, |A| >gr- We separately estimate #(r+ A, a, €) and #(r, a, §) accord- 


ing to (III.32), set }= e, and obtain 
Blas al a 
= lr+Al? +r? 
| P(r-+ A, a, §) — P(r, a, §)| < CR” -————_,_-—__ < CR 
jal” 
which proves (III.21),. The remaining eStimates are derived analogously. 
This completes the proof. 
It is characteristic of the estimates (III.21) that the estimating functions 
do not dependon r. It is therefore not difficult to estimate the integral 


Lee) 
dr 


oF (a, &, n=] au Flr a, &) (111.33) 
0 


which upon Substituting r2=t assumes the form 


foe) 


d 
F(a, &, n= | poy Flt a, &), 


—o 
where 
1 = 
= F(V . t> 
Rag pela ee C8. 
0, t<0, 
is a Hélder function of t with index f, and vanishes for {t]>CR. Apply- 


ing the lemma on Singular integrals, we obtain for this integral the esti- 
mates of Lemma 6.2. The integral over r, containing the logarithmic 
terms of (III.20), may be converted to the form (6,23) by appropriately sub- 
Stituting r’=-—,r. It is not difficult to see that all the constants in the 
estimates of the type (III.21) may be taken proportional to (Pale where 


|f(k+ h) — f (I 
UF t= sup {ify PEAY 


which explains the presence of this factor in the estimates of the function @, 
This ties up the proof of Lemma 6,2. 


APPENDIX IV 
Remarks and references 


Introduction. We bring together here a few references to the literature 
on quantum mechanical scattering theory. The claSsical source for such 
references is the monograph by Mott and Massey /12/. The problems of 
scattering theory are treated in this book in the stationary formulation. The 
time-dependent formulation apparently has been first put forward by 
Mé¢lier /13/ in his papers, which constitute an extension of HeiSenberg's 
Studies in the theory of the scattering operator, or S-matrix. The tech- 
nique developed by Mé¢ller was refined in the so-called formal theory of 
scattering. A typical statement of this formalism is given, e.g., by Gell- 
Mann and Goldberger /14/. Ekstein /15/ specifically deals with the formal 
theory of Scattering for systems consisting of three or more bodies, This 
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paper also gives a procedure for the derivation of Stationary Solutions by 
means of a limiting process of transition from the complex plane in the 
kernel of the resolvent of the energy-operator. 

§1. The variables x, pin momentum Space, used throughout this book, 
are conjugate to the so-called Jacobi coordinates, which are frequently 
used for the description of a three-body system in configuration represen- 
tation. 

Let uS compare the conditions A, and B, which we impose on the po- 


tential v(k) in momentum representation with the conditions usually imposed 
on the potential d(x) in configuration representation. A. Ya. Povzner /1/ 
assumes that o(x) is bounded and satisfies at infinity the estimate 


Jo (4) 1 <Clx]~*, 


where a=3.5+¢, ¢«>0. Ikebe /4/ reduces this to a=2+€c. It iS possible 
to formulate Sufficient conditions on @(r) to ensure that v(k) satisfy condi- 
tions Ag and B,, but these turn out to be far Stronger than the above esti- 


mate. On the other hand, this estimate cannot be deduced from the condi- 
tions A» and B,, alone. Thus, the conditions which we uSe in this work 
differ from those usually imposed on the potential in configuration repre- 
Sentation. That the estimates derived in the main text are compatible with 
them indicates the suitability of these conditions for treatment in the 
momentum representation. 

§ 3. A Similar method to the one which we uSed for passing from equa- 
tion (3.8) to the system of equations (3.13), iS Known in physical literature. 
Watson /16/ called it the ''method of multiple scattering''’. The ideas con- 
nected with this treatment of the integral equations of scattering theory have 
recently found application in the Solution of problems of Statistical physics 
(cf., e.g., /17/). The use of a system of equations of the type (3.13) for 
a rigorous mathematical investigation of the resolvent of the energy opera- 
tor of a three-body system has been put forward by the author /18, 19/. 

In /19/ there appears a proposition which is equivalent to Theorem 3.1. 

§ 4. In our Study of the integral equation (4.1) we first chose a Banach 
Space Such that equation (4.1) should become in it an equation of the second 
kind with a completely continuous operator, and showed that the corres- 
ponding homogeneous equation has a nontrivial solution only for those values 
of the parameter z which are discrete eigenvalues of the energy operator 
under consideration. A Similar method was applied earlier by A. Ya. Pov- 
zner /1/ to the study of the integral equation for the kernel of the resolvent 
of an h-type operator in configuration representation. 

§§5, 9,11. The results concerning the behavior of the resolvent of the 
energy operator for a three-body system and the proof of the expansion 
theorem for the eigenfunctions of this operator are due to the author and 
were first published in /20/. 

The author has not Succeeded in proving that the eigenfunctions of the 
discrete spectrum Hf are Sufficiently smooth. Accordingly, it is an open 
question whether every Such function corresponds to a Solution of a homo- 
geneous equation of the type 


A(z)¥=0 


and whether all the eigenvalues of H_ have finite multiplicity. 
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We stress again that the assumption that the eigenvalues of the ''two-body" 
h,, «= 23, 31, 12, are negative is essential for the foregoing analysis. It is 
this circumstance that enables us to Separate So Simply the Singularities 
in the denominators. 

§ 7. Lemma 7,8 is analogous to Lemma 2 of Povzner's paper /1/. 

§10. Numerous mathematical papers deal with the existence of limits 
for t+ o for operators of the type 


exp {i At} exp {(— iB t} 


under various conditions on A and B. The first of those seems to have 
been the work of Friedrichs /21/, subsequently continued by O. A. Lady- 
zhenskaya and the author /22/. Many references may be found in the review 
article by Kuroda /23/. 

§11. There exist in the literature several definitions of the §-matrix 
for multi-channel scattering (cf. e.g., /24/ and /25/). The definition 
adopted in this book was put forward by F. A. Berezin, R.A. Minlos and the 
author in a paper read at the Fourth All-Union Mathematical Conference 
held in Leningrad in June 1961, and is due to be published in the second 
volume of the proceedings of this conference, 
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